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WATIONAL ADVISORY CONMITTIEE FOR ABRONAUTIOS

AD'AICE COXTIDEXNTIAL REPORT

LAMINAR-BOUNDARY-LAYER OSCILLATIONS AND TRANSITION
OX A YLAT PLATE-
By G. B. Schubdbauer and E X. Skramstad

SUNNARY

Oscillaticns in the laminar doundary layer on a flat
plate end their relation to transitien tec turdulent flow
have been investigated. The investigation was ccnducted
in the 4§-fcot wind tunnel at the Naticnal Bureau of
Standards with the cocperation and financial assistance
of the Naticnal Advisory Cemmittee for Aercnautics.

The investigation reveals that laminar-bdoundary-
layer oscillaticns nct cnly exist dut have characteristics
completely descrided dy the stadility theory of Tcllmien
and Schlichting fer the doundary layer in the adsence of
Pressure gradient. A review cf.the theory 1is given.
Oscillatione in the laminar bdoundary layer were discev-
ered when the turdulence in the tunnel was reduced to the
point where transition regulted frem the cscillaticns
rather than directly from the turdulence. Such csoilla-
tions, which are here termsd "natural oscillaticns,” were
found tc result from amplificatien of small.initial ais-
turbdances izpressed cn the bdoundary layer by the residual
turbulence and the ncise in the tunnel.

The turbduleice in the tunnel was reduced by damping
screens and the reducticn was continued dy the addition
cf screens until a practicabdle limit was reached. At and
near the limit, the apparent turbdulenoce, indicated dy the
hot-wire anemometer, contained a large amount cf particle
velecity resulting from sound. During the reducticn of
turbulence, transition cn the flat plate at gerc pressure
gradient was determined. The effect of turbdulence and
scund on the cscillaticng wae investigated.

The characteristics cf bdoundary-layer cscillaticns
wers studied mcst successfully when the oscillations were
artificially produced dy a vibdrating ridban placed in.
‘the boundary layer near the surface. - Gocd agreement with




stadility theory was obtained. Bffects of pressure gradi-
ent were also investigated.

Transition resulting from oscillations foroed on the
boundary layer by the vibrating ridbon was investigated,
and coertain conclusions are drawn rogarding the nature of
the-transition,

I. INTRODUCTIOXK

Prom previous investigations, both theoretioal and
experimental, much is known about the laminar doundary
layer. Its mean velocity distridution, thickness, and
separation point may bo regarded as 8o well understood
that 1ittle further study 1s roquired. When fluctuations
oocur in tl3 laminar boundary layer, thoir origin, char-
acter, and effect on transition from laminar to turbdulent
flew etill present formidable problems. It has been od-
servod, for example, that the flow in a laminar boundary
layer 1s net steady when turdbulence i8s present in the sur-
rounding stream; but, beyond the eimple observation that
velocity fluctuations exist, little ies known experimental-
ly ooncerning the bdehavior of thie fluctuations. Transi-
tion is known to depend on stream turdulonce and fluotua-
tions i1 the layer are believed to be the primary causo
of transition, dut Just how the three are intoerrelated

. has nover beoen complotely understood.

Experimcntal evidence indioates, in some cases at
least, that transition results from separation of the
boundary layor causcd by advarse pressure gradlionts; and
tho view has boen taken by Tayler (reforence 1) and other
investigators that the local pressure gradlents accompa-
nying velooity fluotuations bring abdbout transition in this
way. lsotropic turbulence in the surcounding flow in-
volvos velooity fluctuations for whiok the pressure gra-
dionts are known when the intonsity and the scale of the
turdulenco are specified, and relations involving this
Pressure gradient and transition Roynolds numboer that are
in falr agroement with experimoent have bdeon proposed.
Tholp rolations aro restricted to a partioular typo of
disturbance but are useful for oxprossing exporimental
results on thc effect of isotropic turbulonoo,

On the purely theooretioal sido, attempts have deoen
Bado to amocoount for transition by stadility considerations
in whioh tho growth or Gecay of a small disturdance is do-
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termined Yy the kinematic viecosity of the fluid, the
thickness 0f the boundary layer, the speed cutside the
layor, and the frequency or the wavo length of the ais~-
turdvance. Important contributions to stadility thecry
have been made by Toilmien (references 2 and 3) and
Schlichting (references 4 tc 7). Bxperimental evidence
has soc far ylelded conly scant support of the atability
theory; and this suppert has come from experiments in
which the flow was known tc be of an unstable type:
namely, ths flow in a divergent channel (reference 8), ia
A vake at low speeds (refersnce 9), and in an acoustic-
ally sensitive jet (reference 10). No support has conme
from past wind-tunnel experiments, in which the ccnneo-
tion between the disturbance and transition apprears to
be mainly through the magnitude of the disturbdbance. In
short, the accumulated wind-tunnel results have led to
the general cpinion among experimentalists that the
Pressure gradients acocompanying any disturbance in the
surrounding flow cause transition whan such gradients be-
come sufficiently large. In contrast, stadbility theory
requires that the doundary layer be either stadble or un-
stable, depending merely on the frequency or the wave
length of the disturdances present; hence, the nature of
the disturdance rather than its magnitude is the sssen-
tial quality. Experiment and theory have therefore led
to divergent points of view and neither has fully ex-
plained the nature of transition.

In the present experiment it 4is hoped that the two
points of view have been brought intc clcser accord for
one of the sinmprlest, tut practical, boundary-layer prob-
lems - that of the Blasius distridution near the surfaoce
of a flat plate. The experiment was originally intended
to be a general study of transition on a flat plate at
serc pressure gradient under conditions of low stream tur-
dulence, one purpose being to trace ths course of tran-
siticn as near as possidble tc vanishing turbulence. This
purpose was carried ocut, dbut the appearance at low turdu-
lenpce of an cscillatiocn in the laminar doundary layer
cpened a new field of investigetion and led to an exten-
sive study of the phenomena termed "laminar-poundary-layer
cscillations.” Investigations revealed that the cscilla-
tions were the revult of amplification of small disturd-
ances in accordance with stabdility thecry. When the cs-
6illations were artificially produced, their characteris-
tics vould bé studied in detail and compared with the
characteristics presorided by theory.
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It ssems evident from the rssults of this investiga-
tion that transition involves two things: One is the dis-
turbance itself, its origin, and its dshavior in the
boundary laysr; the other is the effect of the dieturd-
ance, either preduced in the doundary layer or entering
from without, in dringing adbout turdulent flow. Suffi-
ciently small disturdbances canno: produoce transition, dut
a small disturbdance may grow according to stadility theo-
ry until it is sufficiently large to cause the flow to
beoome turdulent. The growing process is the link bdetween
the stadility theory and transition.

In moet of the earlier investigatiens, cbservations
of the transiticn point were made dut little -or no ef-
fort was made to observe disturbanoee in the dcundary
layer before transition. The first known obdservations of
velocity fluctuations in the laminar doundary layer. were
made. by Dryden (reference 11) bdut, in his experiment as
in most others, the initial disturdbances were so large
that transition occurred after only a small growth,
Nikuradse (reference 12) attempted to test the stadility
theory by produoing sinusoidal fluctuations in the. bound-
ary layer near the leading edge of a flat vlate in water;
but the results were inoonclusive, partly bdecause the
artificdal fluctuations, ae well as general disturdances,
were too large and partly bdecause observations were lim-
ited to the determination of transition points,

The results odtainod in the prosent investigation
can be attributed largely to the low level of turdulenoce
in the wind stream and to the careful atudy made of velod-
ity fluctuations throughout the laminar boundary layer.
Hot-wire anemometers of high sensitivity and of special
design made suoh an investigation possibdle,

The investigation of transition on a flat plate at
lew turdulence was suggosted by Dr. Hugh L. Dryden, and
the authers wish to aoknowlodge his assistance and many
valuable suggoestions in connectidn with tho experimontal
progran,

I1I, SYMBOLS

distanoce from loading edgo of flat nlate
distanco from surface of flat plateo

mean volooity outside doundary layor




mean velocity at a point in doundary layer

inetantaneous x-ccmponent of fluctuatiocn veloecity

instantaneoue y-component of fluctuation velooity

inetantaneous fluotuation velooity perpendicular
to U, and parallel tc eurface of flat plate

root-mean-square values of u, v, and ¥

vave velocity

= 3nf, where f = gsoillation fraquonoy

= 2n/A, where A = wave length
emplification ccefficient
[ density
M vigcoelity
vV = B/p = kinematic viscosity
q dynamio pressure
8 boundary-layer thioknese
8 boundary-laysr displacement thioknees

8% = 1.72 %f for Blasius velogity dlistributicn

8* = 0.341 8 relation usod by Tollmien and
Schliohting (roferences 2, 4, and 5)

R = U.8%/v = Roynolds number
Ry = Ugx/v = x-Roynolde number

R=1,72 ka for Blaeius velecity dietridution

3
U 5
A = %;9 %; = K{rman-Pohlhaueon paramoter
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IIX. APPARATUS AND METHODS

1, Wind Tunnel

The present investigation was conducted in the 4§-

foot wind tunnel at the National Bureau of Standards.
The general laycut of the tunnel ip shown in figure 1.
The flat plate wae locatod vertically in the test seotion
with the loading edge 6 feet from the upstream end. In
order to roduce vibration, the test section of this tun-
nel is supported dirpctly from thoe foundation and is
Joined to the rest of the circuit by only a sponge-rudder
somsl at ocach end. The area reduction fror eettling cham-
ber to tost section is 7.1:1. Tho guide vanes ahead of
the sottling chamber wvere made finer than the others in

. order to reduoce tho scale of the turbulence and to permit
as muoch reduction in turdulence through deoay as possidle.
Since directional fluctuations in the horisontal plane
woere found to be large, closoly spaced etraightensrs were .
Placed at right anglee to and on top of the fine guide
vanes. Thie combination was in effect a honoyoomd and
resulted in great improvement in the steadiness of tho
stream. ‘' Further reduction of turbulence was obtained by
installing damping screcns in the gettling ohamber. Withe
cut socreens, the turbulonce in the tcet secotion was 0.27
percent at 100 foet per second and, with seven eoreens,
was 0,032 peroent.

2. Flat Plato

The flat plate was a commercial sheet of aluminum
1/4 inoh thiok, 44 feet wide, and 12 feet long. The lead-
ing edge, whioh was symmetrical and pointed, was formed
by the intersection of oircular arcs tangent to the orig-
inal surface 4 inches from the leading edge. The surface
was loft in its original condition and had a mirrorlike
finish, marred slightly by small scratches barely percep-
tible to the finger tips. Vaviness was quite perosptidble
when viewed near grasing inoidence. A4 surface gage showed
varigtione from approximately 0.01 to 0.02 inoh over dig-
tances from 1 to 2 feet. These wore bends in the plate
evidently produoced by the rolling process.

The plate was bolted along the top and the bettonm
edges to one sideé of 3-ingh steel channels, which were in
turn bolted to the floor and to the osiling of the tunnel,
The flanges away from the plate served as rails at the floor




and at the ceiling for a sarriage on whioh all exploring
appraratus wvae mountsd. The sarriage vas eimply a steel
plate 3/8 inoh thick and 6 imchee wide, with runnere and
guidee at the ende in contaot with the rails. This plate
wae thue parallel to the wind and 3 inches from the flat
plate. 4ll explorations in the bdoundary layer were made
25 1nohee or more ahead of the carriage to avoid the lo-
cal pressure field., The carriage was propelled by hand
from the outeide of the tunnel by a sprooket and ohain.

¢

3. Control of Pressure Distridution

In order to control the pressure gradient along the
flat plate, the cross section of the working ohamder was
varied by adjustadle auxiliary walls on the vertiocal sides
of the ohamber. These walls were aluminum sheets 1/16
inoh thiok and 22 inohes wide extending from opposite the
trailing edge of the plate to a distance 4 feet ahead of
the leading edge. The sheets, mounted on sorews, spaced
9 inohes, and threaded throngé the tunnel walls, were ad-
Juetadle to and from the eides of the tunnel, In order
to prevent discontinuity at the top and at the bottom
odges, the sheete were bdacked by a Btretched rudber din-
phragmn; the ocombination of aluminum sheet and rudder
formed a continuocue flexidle wall that could be warped or
dieplaced as desired. The maximum range of displacement
of these auxiliary walls was adout 4 inohes.

By this means the pressure could be made to rise, to
fall, or to remain constant along the plate. (8ee ourvee
4, B, and C, rig. 30.) 7VTor most of the experiment the
valles were set for sero pressure gradient.

The provision fer warping-the walls into a dulge or
a hollow 4id not prove so useful as was antioipated de-
oauee the effeot of the warp usually extended over too
great a distance to give the desired result. ¥When it wae
desired to produoce a sharp pressure riee or fall, other
devioces were uged. Tor example, an airfoil extending
from floor to ceiling near the plate produced a sharp
pressure fall followed by ar abrupt rise. 4 pressure fall
without a rise was esasily produoced by proper blooking of
the etreanm.

4dlthough meazeuremente were t.kon.oi only one side of
the flat plate, the auxiliary walls on each eide of the
tunnrsl wvere given the same shape for eymmetry. BSome aeya-
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metry nevertheless sxistsd bscause ef ths pressnce of ths
carriags and the msasuring squipment on only ons sids of
the plate. Although this rssulted in greatsr blocking

of the stream on ths working side, it was found that soms
sxcess bdlocking hsre was nscessary to dirsct the flow at
a slight angle to ths leading edge cf the plats so that
the stagnation point was disvlaced slightly from the
sharp edge to the working side of the plats. The transi-
tion point was unaffected by the position of the stagna-
tion point so long as this point was not displaced to the
opposite sido of the plate., The slight excess bdlocking
was therefcre maintained at all times to prevent direc-
tional variations aocempanying the turbulence in the

strecam from ever carrying the stagnation point to the op-
posits side.

4. Neasurement of Yressurs Distribution and
Dotermination of Transition Point

A small pitot-static head was arranged as shown in
figure 2 with the impact tudbe in contact with ths sur-
face and the statio tube parallel to the stream 1/4 inoh
from the surface. This comdbination was carried on an arm
attaohed to ths carriage 28 inchee to tho rsar and could
slids fors and aft with fork-like guides and impaot tube
always in contact with the surfaoce. 3oth tudbes were made
from thin-wall niokel tubing with 0.04-inch outside dianm-
etsr, Ths impaot tubo was flattened on ths end to form a
slit 0,007 inch wide, ths center of whioh was 0,006 inch
from the surface when the tube was in oontact. Ths stat-
10 tube had four 0.008-inch holes drilled through the
wall, B8 diameters from ths olosed end.

Only the static tuds of this instrumsnt was ussit wvhen
pressure digtridbutions wers mearursd and both tubss wsre
ussd when transition points wers dstsrmined. Traverses
were always harigontal and usually made along the csntsr

lins of the plate. Ths static prsssurs was thus measured
1/4 inch from the surface, which for most of ths surfaose
oorrespondsd to a position outside the boundary laysr.

A largs variation of prsssurs normal to ths surfacs was
found nsar ths lsading sdgs whore ths presassure distridu-
tien was dstsrmined by ths shape of the lsading edgs.
Also, presssure sffeacts caussd dy waviness of the surface
dspsnded on ths distance from the surface, Sinoe ths
former variations wsre oonfined to ths first 6 inchss from
ths leading edge and the latter were small, variations




in preseure in the 1/4-inch distance noermal to the surface
wore neglected.

The detection of transition by the surface-tubde meth-
od depends on the variation with x of impact pressure
near the surface, which corresponds closely to the variae
tion of shearing stress at the surface. This impaot pres-
sure decreases with distance from the leading edge to the
beginning of transition, then rises through the transi-
tien region, and again falls in the turbulent region. In
the present work, the point of minimum pressure was taken
as the beginning of transition and the point of maximum
pressure following the rise was taken as the point where
turdbdulence was fully developed.

8. Determination of Boundary-Layer Thickness

Velooity distributions across the boundary layer were
determined by traversing normal to the surface with a
flattened impact tube similar to the surface tube. This
tube was carried on an arm similar to the one shown with
the hot-wire anemometer attached 4n figure 3, Both the
miorometer screv A and the fulecrum B were held in con-
taot with the surface of the plate by the rigid arm ex-
tending rearward to the oarriage, . and motion of the impaot
tudbe to and from the surface was obtalined by rocking the
ara adbout the fulcium by moans of the screw, The velocity
distridbutions were used to determine 6%. When the pres-
sure gradient vas zero, the measured values.of 8° were
in agreement. wvith those ocaloulated dy the Blasius 'formula

L] VX
8* = 1.72 /=
- [ ]

Whenever the value of a‘ wvas needed for presenting re-
sults obtained at sero pressure gradient, the value cal-
culated by thie formula was ueed.

Tollmien and Schlichting {(references 2, 4, and 5)
used a oconstant in the above formula equal to 1.7?3 for
ocomputing &8 . Hore reoent values of the constant are
1,7207 given by Dryden (reference 11) and 1.7208 given by
Goldstein (reference 13)., A value of 1.72 i{s thersfore
used {n the present work,




6. Hot-Wire Turbulence Bquipment

A variety of apparatus, such as amplifiers, bridgses,
potentionmoters, oscillators, oscillographs, and numerous
types of hot-wire anemometer, comes under the heading of
hot-wire equipment for measuring turbulenoce. Amplifiers
with attendant power supplies and hot-wire anemometers
are usually special equipment, whereas the other equip-
ment ie of etandard commercial design. Amplifiers usaed
in turbulenoe work and circuite to compensate for the
thermal lag of hot wires have, hawever, been standardiged
to & coertain extent and their essential features are de-
soribed in the literature. Two amplifiers, which were
designed and buillt by W. C., Kock, Jr., were used in the
present investigation. One of the amplifiers 1s described
in reference l4; the other was a newer and more portable
type with about the eame frequenoy response dbut using
capacitance compensation instead of inductance compensa-
‘tion., Both types of compensation and the requirements
to be met by eaoh type are described in reference 15. The
theory of compensation 1s given in reference 16, When
properly compensated, the over-all response of wire and
anplifiers was uniform from 3 to adout 2000 cycles per
seoond.

In all casee hot-wire anemometers mugt be calibrated
by measuring the voltage across the wire at known air-

speeds; or, 1f the anemometer {s sensitive to direction
changes, it must be calibrated by measuring the veltage
at several angles to tho wind., For this purpose a poten-
tiometer 1s neceesary. A Wheatstone bridge muet be used
to obtain the resistance ¢f the wire at air temperature.
Throughout the present work, toth in calidbration and in
use, the heating current wae held constant and only the
temperature and the voltage across the wire were allowed
to vary. This condition was maintained during rapid ve-
locity fluctuations by a sufficlently large choke coil in
series with the wire. Anmplifiere were calibrated by ap-
Plying to them a known alternating voltage from an oscil-
lator. By use of the calibration data, velocity fluctua~
tions could be ocalculated from the amplified and properly
compensated voltage fluotuations across the hot wire. A
oathode-ray osclillograph was used for visual observation
of fluctuations and aleo for making photographic records
with a moving film camera. When observations were simul-
taneously taken on two wires, an eleotronic switch was
~used in oonjunction with the oscillograph.




7. Hot-¥Wire Anemometoere

The hot-wire anemonstere used here may be dividead
ints tvo 0laeeest (1) Thoee used in the free stream-to
measdie turdulence; (2) thoee ueed in the bdoundary layer
to study osoillations, transition Phenomena, and turdu-
lence. Anenmometere of olase 1 were designed for high
seneitivity and for freedom from vidrational effeote.
Anemomoters of olass 2 were designed for working near a
surfaoce with a minimum of interference and with as little
vibrational motion relative to the surfaoe as poseidle,
Both types used platinum wine 0.00025 ineh in diameter,
obtained by etohing the silvor ocoating from Wollasten
wire. The etohed wire was eoft-soldered tc prongs made
either from fine eewing needles or from fine ocpper wire.
Platinunm wires of this sige were adequately seneitive in
lengthe no greate: than 3/16 inok and, in the range of op-
erating conditions, had time oonstante ranging from (.0008
to 0.002 eeoond.

Anemometers of olase 1 wore made with a single wire
normal to tho wind for measuring u' or with twoe wires
sed at an angle to the wind in the form of an X for
seasuring v' and w'. Heade of these two types are
shown ia figure €. 3Beth havo platinum wires (not visidle
in tho photograph) aoross the tips of the prongs; tho
four~prong head has the two wires forming an X. In the
X-arrangement the wires lie as nearly as poooiblootn a
Plane withaout touching and |ubten% an angle of 60 with
eaoh wire at an angle of about 30 to ths wind. 3Braoes
of silk thread oemented acroes the prongs about 1/4 ianch
from the tipe wore necessary to prevont wire dbreakage.
41l wires were mbout 3/16 inoh long. Thess arrangements
of wires take Advantage of the direotional charaoterie-
tiow of a wire in order to obtain gonsitivity to the com-
ponent desired. The sensitivity cf a wire to direotion
is known to dopend on the angle to the wind, deing sero
vhen normal and again wvhen yarallel. Soansitivity te u
ie a maxizmum when the wire 1is nermal, Sinoce v and v
are small, their prinocipal sffeot is to ocaude fluotuation
in direotien of ths stream when addod vectérially to U
and the effeot on ths magnitudo of the instantaneous ve-
locity 1e insignifioant. 4 wire normal to the wind re-
sponde thus b0 u=~fluctuations rather than to v or v,

An X-arrangement of two identioal wires, each making
the eame angle to tho wind, with voltage opposed prdduces
a reoultant voltage ohange only when the wiree are differ-
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entially cooled. This srrangement is then inssnsitive to
v but highly sensitive to direotion changes in the plane
of the wiree and hence to ¥ or to w depending on the
orientation of the plane. Whsn fluotuatione are large,
1e0lation of single oomponents in this way is not com-
plete and voltage ohanges are not exactly proportional to
velooity changes. If the fluotuations do not exceed 5
percent of the mean speed, errors from these sources are
bslieved to be less than 1 percent.

The mountings for the hot-wire heads ars shown in
figure 5. The ocentral member to whioh the head is at-
tached 1s held within the cylindriocal tube by a rudber-
band suspension and in this way 1is 18olated frem vibration
from the tunnel wails. Vitrational effects were not trou-
blesome after a suffioiently "soft? suspension of this
sort was uesed, The meunting for the X-wires contains an
angle~changing devioce for ocalibrating the wires.

In the boundary layer only the u-component was meas-
ured, except when one attempt was made to.discover whsth-
or the boundary-layer osoillations had a w-oomponent. A
study of v was considered desiradle but no appropriate
hot-wirs head of sufficiently small dimensions was avail-
adble for the purpose. For anemometsrs of class 2, there~
fore, most attention was given to hot-wire heads with ths
wire normal to the wind and parallel to the surface. The
wirs length was usually 0,04 inch. Tor traversing along
the surface with the wire at a fixed distance, the wire
wae attached at the tips of prongs extending about 1/4
inch forward from a small cellulcid sled, which was held
against the surface by wire springs from a brass tube at~
tached to the carriage. A sled assembly with two pairs
of prongs for supporting two wires at different distancss
from the surface is shown in figure 6. Another sled was
aleo used with two hot wires making a V in a plane par-
allel to the surface. The latter arrangément was sensi-
tive to w. The sled was believed to be the best possi-~
ble type of hot-wire head to prevent relative motion be-
tween the wire and the surface. Interference effeots
were found negligidle. ,

Tor traversing normal to the surface, the hot wirs
was supported on the tips of stael sewing needles ex-
tending into the boundary layer from the arm of the trav-
orsing apparatus shown in figure 3. This arrangement
was made suffiolently rigid to bs fres from vidratien
troubles but. wvas not appropriate for.traversing parallel
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to the surface. A cemdination of this apparatus with a
eled was used vhen it was desired to keep one wire at a
fixed dietance from the surfaoe while moving the other in
and out from the surfaos.

IV. REDUCTION OF STREAM TURBULENCE AND EFFECT ON REYNOLDS
NUMBER OF TRANSITION AT ZERO PRESSURE GRADIENT

In the present invostigation, offects of high stream
. turdulonco wore of littlo oonocern. Bmphasis was placed
rathsr on roducing tho turdulonce as far as praoticadle in
ordor to study tho boundary layor when it was as little
disturbod from the stroam as possidle. The turdulonce was
suocossivoly reduced by plaoing various numdbers and comdbi-
natiens of damping eoreons in tho settling ohamder., Tor
each addition of a soreon and for every rooomdbilnation of
ecreons, moasuroments were mado of u'/U,, v'/U,, and

v' /Uy 1in the working ohamber and the walues of R, at
the boginning and at tho end of transition wero detorminod.

Xo oorrection for wire longth mooording to the mothod
€ivon in referonoo 17 was mado, since the appropriate
soale for v' and w' oould not be dotorminocd. If the
probadlo ordsr of magnitude of the soalo is oonsidored,
the oorreotion is gmall and 1s bolieved to be unimportant
in viow of the accuracy attainadlo in the momsurement of
low turbdbulonoo,

Soreens of fino mesh and small wire wore used in or-
dexr that tho turbulonoo producod by tho soroon itself
would decay rapldly. ZEach soroen oomplotely oovered the
oross soction of tho settling chambor and, when moro than
ene soreon was used, a spaoing of 6 inchos or more was
allowed botwoon thom. Proliminary survoys with tho hotw
wiro anomomoter showed that the turbulonoe was unifornm
ever tho usadle oross sootion of tho stroam and that 1lit-.
tle or no docoreaso in turdulenco occurrod in tho length
of the wsrking ohambor. Tho turdulonoo could therefoxo
be spooifiod by hot-wire moasuremonts mado at ono point
in tho working chambor. Tho momsuroments showod that v'
and w' wore noarly equal te oaoh othor dut gonorally
greater than u'. This nonisotrcpio condition is known to
b0 oaused by tho contraotion of tho stroam from tho large
area of the settling ohamber to tho smallor aroa of tho
working ohamder. Tha moro tho turbulenoco was roduocod by

e
ARG
come .

Jianey -
o e RV L
N e LR

—is—




14

the addition of scrsons, tho lsss this difference decane
and, finally, near the lowest turbdulcncs u' was aotually
larger than ¥' and w'. In all casos 'the turdbulsnce in-
eroasod with tho wind spced, an effect. that could bo part-
1y accountod for by the docromsing resistance coofficient
of the scroons with increasing speed.

48 tho number of scrocns was inorsased, a reduction
in turdulonco was obtainod with oach additional scroon
but dy successively decreasing amounts; and ths rsduotion
by this means appeared to have reached a practicadle limit
whsn six soreens were installed. The measured valuss with
six screens areé given in tadle I. It was belisveld at
first that a level had been reached nearly ejual to the
turbulence produced by the screens themselves. 4 ‘finer
screen than any of the others was therefore added down-
stream from the six scroens already present. Since no
screene with finer wires than those already ussd were com-
msrcially avaliladle, a screen made from silk bdolting cloth
was inetalled. Some further reduction wae obtained dut
not 6o much as was expected. No attenpt was made at fur-
ther reduction, Ths measured values of the turdulence
at this lowest levol are given in table II. The x-Reynolds
aumbere of transition found during the various stages of
reduction are shown in figure 7. The highset -turbulence
shown in the figure (0.342 peroent) was odtained by plac-
ing a square-mesh grid of 1/2-inch rope, spaced 6 inchos,
in the settling ohambor a few inchos downstream from the
set of elx wire screens. Tho transition point found by
Hall and Bislop (roferonce 18) for their loweet turdulence
is indicated in figure 7, By definition, their transition
point porresponds to the bdoginning of transition of the
presont paper. ’

Two questions aro raised by tho foragoing results:
(1) Why wae the addition of the bolting-cloth screen so
ineffoctive in further reducing tho turbulenco, and (2)
wvhy was ¢transition on the flat plate unaffected by roduc-
tion of turbulenco below about 0,08 percent? The first
quostion 1s answered in the following section. Tho gsoc-
ond quostion 1s more difficult and an attempt will be made
to ansver it only after boundary-layer oscillations. are
considered. (8eo0 soction IX.) .
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in progress, it was noted dy the traoe on the soreen ef a
oathede~ray oscillograph that the velocity fluoctuatiens
414 net have tho random character usually asoribed to tur-
bulenoe,
dut was ruled out sinoe changes in the softness ef the
mounting failed to change the aprearance of the traoce.
Consideration was next given to the effoct of wind-tuannel
noise and led to the startling conclusien that a reason-
adbly loud sound could ianvolve particle velocities suffi-
olent to produco an appareat turdulence of the order of

that actually found.
a Plane wave with an intensity of 105 deoidels adove a

Yase level of 107
showed a roet-moan-square particlo velecity ef 0.028 foet

Y. RESIDUAL TURBULENCE AND OISR

¥Yhile the measurements ef the levest turdulence were

Vidbration of the hot-wire mounting was suspsocted

Yor example, a calculation based en

= erg per square oentimeter per second

per second. At a wind velooity of 100 feet per seoond,
this 1s equivalent to an appaxent turdulenoce of 0.028
perosant, while the measured turbdulence was 0.0315 percent.
4 fev moasurements of intensity with a scund meter cen-
nected to a orystal microphone showed that the noiss level
vas prodadly detween 105 and 110 deoibols at 100 feet per
seoond. Bince 110 decibdols is equivalent to an apparent
turdulence of 0.051 percent, the noise oould account for
the entire hot-wire reading at this epeed. 4t the lowver
spoeds, howevor, tha noise intensity appeared insuffiolent
Since the wave

te aocoount for the measured turdulenoe.
pattorn in the tunnel was Yory complex, oaloulations bloodr
ur-

cn plane waves oan be at bYest o6nly rough adnroximations.
taermore to aveid the direct effect eof the wind en the
miorophens, it was necessary to measure the sound levol

at a distanoe from the hot wire.

An analysis wvas made by a wave analyser of the spec-
trunm of the neise from the tuanel picked up in the tun-~
nel oontrol room by the orystal miorephone., 4 similar
analysis sas thon mado of the output frem the hot wire in
the wind tunnel. Iz bdoth cases the wind veleoity was 80

feot per second. 4 comparison of the two speotrums is
Singce tho distridution of intensity

showan in figure 8.
with frequeacy is ocmpared here, uncertainties in adselute
intensity are of miner importance. The similarity of the
curves indioates that, at a wind veleocity ef 80 feet per
second, a large part of the het-wire eutput is derived

from neise.,
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The values of turdulence in tables I and II probdadly
contain a eignificant oentribution from noise, especially
at the higher velccities. 4 large part of the inoreaee
with velooity is prodably due to neise. 4lse, a u'
greater than ¥v' and w' 1is evidence that not all the
oontributing fluotuations were carried with the stream
through the entrance cene, Since most of the neise comes
from the preopeller, it is obvious that daxping ecreens
can reduce only the true turbulence. On the other hand,
the addition ef soreens must inorease the noise because
of the higher propeller speed needed to maintain a given
wind veleeity through the added resistance in the screen.
These faots afferd a satisfaotory explanatien of the ef-
foctive limit of damping screene in the preesent tunnel,

Tigure 8 also suggests some information concerning
the answdr to the seoond guestion posed in section 1V
Tegarding the effeot of turbulence on traneition. 8inoce
the speotrum ef this apparent turbulenoce is unlike that
ef isotropio turbulence (reference 19), euch turbulence
will prebably affect transitien in a 4Aifferent manner
from ismctropio turbulence. Velooity fluetuations from
sound involve pressure changes nct related to those eof
turbulence and invclve motions gerrelated ever great dis-
tanoes. 8ince the proportion of nolse te turbulencc was
inoreased with eaoh reduotion ef turbulence, anemalous
transition effeots are to be expected.

¥I. LAMINAR.POUNDARY-LAYER O8CILLATIONS
ZERO PRESSURE GRADIBNT

l. Tiret Bvidence of QOeoillations

¥hen the stream turbulenee had been reduced te¢ nearly
its lovest level with the eix wire damping sereens, it was
deoided te investigate the velooity fluctuations in the
laninar boundary layer itself. Tor this purpcse ene of
the sled~like heads with a wire seneitive to u was ar-
ranged to elide along the surfaee with the wirs 0.023 inch
from the eurfece. VWith greatly reduced stream sturbulence,
it vas oxpeoted that the siow irregular fluctuations, re-
ported for a much mere turbulent streax in referenoce 11,
weuld ‘be oorroepondingly reduced. Such fluctuatiens wers,
in fact, almoet nonexistent; but, as the wire was moved
downstreas threugh the boundary layer, a regular osoilla~
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tion appeared, weak at tirlt but with inoreasiag amplitude
as the distance downstream increased. Just ahead of the
transition, burete of very large amplitude ocourred and,
at the initial point of transition, these dursts were ac-
oompaniod by a bdreaking into an irregular high-frequency
fluotuation charaoteristio of turbdulence. Reoords of the
oscillations were made by photographi=g the soreven of the
cathode~ray oscillograph with a moving film camera. %Two
sets of suoh records are reproduced as figures 9 and 10.
Tigure 9 shows the progressive dovelopment of the oscil-
lations. The traces at 6.25 and 6.5 feet already show
the bdbursts of large-amplitude oscillations interspersed
with highly disturbed turdbulent motion. Ths final reocord
at 8 feet indiocates a oompletely turdulent dboundary layer.
The frequency of the cacillations may be Judged by the

~seoond timing dots. The same phencmenon at a lower

wind speed and at a greater digtanoe from the leading

edge of the plate 18 shown in figure 10. Here the ampli-
fier gain (magnifiocaticn) was adJusted to keep the re-
corded amplitude the same from position to position in er-
der to bdring out the weak as well as the strong oseilla-’
tions. Attention 1s called to the lower osolllation fre-
quenoy oorresponding in this oase to the lower speed and
to the thioker bcundary layer.

It wae thought at first that these oscillations might
possidly be due to vibration of the wire that gave rise
t0 relative motion between the wive and the surfaoce.
This was soon rulod out sinoe ohanges in the hot-wire head
and support falled to cause any changa in the osoilla-
tions. Turthermore, the oscillat!ens gppeared to be defi-
nitely oonneoted with transition sinoe the sone in whigch
they ooourred always preceded transition and moved with
it fore and aft along tho plate as ths wind speed was var-
1ed. It oould not be said with ocertainty that the osoil-
lations weroe the oause of transition, sinoce there existed
the possidbility that the boundary layer beoame shook-
exoitod Dy transition oocurring a short distance downstream,
giving-rise to an osoillation that was possidly the result
of transition rather than the ocause. The latter explana-
tion was ruled out by removing trangition with an abrupt
pressure drop and yet loaving ths oscillations totally un-
changed at an upstroam position. The alternative conolu-
eion, with no ovidenos® to the oontrary, was that transi-
tion resulted from the growing of the osoillations to the
point whore the dboundary layer was so highly disturbded
that transition ocourred.




It was eoon found that the hot wire could be placed
at any orcss section af the beundary layer to pick up the
cscillations, although the amplitudo quite evidently var-
ied with position. The frequency remalned the same
throughout the section except very near the surface vhere
there was a suggeetion of frequency doubling on the low-
veloolty part of ths cycle. This effect at the 4-foot po-
sition is shown in figure 11. 5Since the hot wire responds
tc negative velocities as though they were positive, the
doudling was believed to indicate that the amplitude of
the oscillation was sufficiently high tc reverse the ai-
rection of flow during half of eaoh cyocle.

A Vewire, sensitive to w, revealed a w-ccmponent
in the oscillations. Little work was done with this wire
and the relative azmplitudos of u and w were not conm-
pared, With the one oxception cited here, all work was
done with wires sensitive to u. Because of experimontal
difficulties nos attempt was made to deteot the v-gomponent,
although it is shown by theoretical oonsideraticns in sec-
tion V1.2 that a v-oomponent must exist. The presence of
the w-oomponent thus indioates that the oscillations were
three-dimensional. .

Because the effocts of nolee were so much in evidence,
1t nmight bYe suppesed that the oeoillations were a reso-~
nant acoustio phenomenon arising from some frequency in
the sound spectrum. Among tho ovidence against this sup-

position is that presented in figure 12, which shows the
oeffoot of a tenfold inorease in turbulence produced dy

the rope grid in the settling chamber downstream freom the
six damping sorcens. With the higher turdulence, it is
seen that osoillations are present where they were adbsont
befere. It thus appears that dlsturdances in the stream,
possidly acoustic as well as turbulent, give rise to oscile
lations which ai1e not themselvee sound waves.

It was belioved almost from the start that the oscil-
lations wero amplified disturdances, thelr purity result-
ing from selective amplificaticn of a single fregquency or,
at most, a narrowv band of frequencies. Theorles had been
advanced to account for Just such an amplifioation dut
wvere eften ignored in experiment because no oonclusive sv-
idence in their support had been found., In erder to test
vhether these were in reality the anmplified oscillations
predioted by theory, fregquenoies were determined frecm nu-~
merous oscillograms, taken at as many pceitions and speeds
as possidle and pletted in an appropriate mZanner on a dia-~
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gram derived from the theoretioal results of Schliohting.
The diagrams vith the experimentally determined polints is
showvn in figure 13, This figure will be made clear dy the
theoretical discussion in section VI-2 and will de de-
soribed in detall in section VI-3, For the present, it

is sufficient to observe that the expsrimental points are
dietridbuted along dranoh I of the thsoretical curve,
whioh is the region in which tho points should fall if the
initial disturdances, out of vhich oscillations grev,

have received approximately their maxinmum anplifioation.
The oscillations are therefore identified with those pro-~
duced by instadility of the boundary layer.

2. Theory of Boundary-Layer Osoillations

Evidencs has been found of oscillations of rather
bigh purity reeulting mostly frea random disturdanoes.
The osoillations observed at a fixed point suggest the
presence of a traveling vave in the boundary layer. A
theoretioal ansver ie sought for the questinn: Howv oan
randen dieturbances produoce a wvave that looks closely si-
nueoidal and has a single predominant frequency!?

The superposition of small disturbance velooities on
s uniform velocity in one direotion presents to a station-
ary obeerver the appearance of wave notion. The motion
nay be sinusoidal or irregular. PFYor simplifioation, all
the dieturdance velooity components are assuned to de
sinusoidal of the same frequency. In a unifornm strean,
thie motion has the attributes of a traveling vave with a
vave velooity equal to the mean velocity of the strean.
The anplitude is the disturbance velooity with oomponents
u, ¥, and v, and the pressure involved is the dynanmio
pressure of the digturdanoce velooity. This kind of wave
4e involved in the applioatizn of stadility theory to the
boundary layer. Only two-dinsneional motion has so far
been suocessfully treated. In a nonuniform etrean, such
a® a8 boundary laver, the wave velocity.is not known at
once but may reasonably be assunmed (and can also be proved
theoretioally) to be less than the maximum velocity of
the strean, The oharaoteristios of the vave will depend
on the oharaoteristios of the stream, such as the velooi-
ty profile of a doundary layer, and on -oonditions inmposed
on the mean velooity and on the disturdance velocities at
the boundaries. The theory treats the influence of all
these oonditions and how they determine the wave length,
the vave velocity, and the damping or the amplifioation
of the wave.




In general, the disturbances respensible fer wave me~-
tien in a beundary layer are random in character and the
resulting vave metien is irregular, One ef the impertant
oharacteristics ef the wvave 18 its adbility to maintain
i¢self againet the damping actien of vigcceity or even to
&rov by absorbing energy from the basic flew., GSince this
charaeteristio depends on the frequency, certaim conmpe-
nent froqueneiee of an irregular wave wvill be danmped and
others amplified as the wave travels dewnstream, It will
ba seen in section VI-3 that this precess aceounts for
the relatively high purity ef the observed bdeundary-layer
oseillations.

lnerfy oonsiderations alene ferm the basis ef an el-
ementary treatment firet ueed by Osberne Reynelds. Ac-
eerding to the Reynelds concept, grewth er deeay of a
disturbance depends en whsther energy is transferred te

the disturbance by absorption ef energy frem the basie flevw
or is extraeted frem the disturdance by the damping aetien
ef viscosity., The flev of energy then dstermines the sta-
bility ef the boundary laysr under the astienm of disturbd-
ances. Sinee the kind ef dieturbanee mugt be specified,
this method dees not have general applieability. The flow
ef energy is, however, a fundamental physical concept in-
volved in all theories even though net explieitly stated.
de an introduetion te the mere advaneed theories the en-
orgy relation will therefore te derived here. The devel-

epuent fellows essentially that given by Prandtl in refer-~
ence 20.

A. Basio BEquatiens and Energy Relation

la general, only tve-dimeneional flow with two-dimen-
sienal disturbdbances has deen treated suecessfully in star
bility theeriee. The basio flov is assumed te be steady
and a funotion ef y enly:, The bdasie flov i the deund-
ary layer is then :

U = £(y)
I'-O

The disturdances are a funetien ef time as well as of x
and y and are expressed by

us=f(x,y.t)
vt (xy,8)
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The compenents of total veloeity are therefore U + u and
v. 8incse u and v are assumsd to be small, the Navier-
Stokes eqiations bdscome, afisr equaree and produots of
dieturbance velocities and of their differsntial cceffi-
oients aro negleocted,

du .. 3w, N 3%a _ 3%w) _ 1 /3P _ 3p
+ - o +
NURYS "‘";f*s;'*—,ﬂ) -

§.!+Uv=\3(a *a‘v) l.a_P....a_E
at = P \ay 3y (2)

whare P 1s the pressure produced by the disturdances
and P 18 the pressurc due to the dasic flow.

The equation of continuity iw

2w . av
P =0 (3)

By subtracting from equatioms (1) and (2), respectively,
the correspending Navier-Stokes equations for u=v=p=0,

the following two equations are obtained in torms of only
the disturbances:

du du 23U 3%y . afu 1
j-A . + -=2 (4
it Tyt (axa ay® ) " p ax )

v ..y v vy . 3wy 1 3p
at +v ax v 3x" * ay=) - p 3y (5)

Bquations (4) and (5) are the fundamental hydrodynamio
oquations for small disturbances on which are based all
stability thoories horein discussed.

In ordor to derive an cxpressicen for energy balance,
equation (4) 1s multiplied by u and equatiom (5) by v
and the resulting equations added tc give the single dis-
turdance equation

PQ& +7 a!)(“ﬂ...va [“(g_:_g-psa:—‘:- +v(§—:-;-+§%;-)]

..pu,vg—u_(u,ax-tvﬂ (5)
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It will be noted that the left-hand member of thie equatien
gives the time rate of change of kinetic snergy, due to

the disturdances, of a particle moving with the daelo flow.
Zath term ¢n the right-hand side of equation (6) 1s new in-
tegrated over the region containing the dlsturdance, as
explained in detail in referenoce 20. The resulting ex-
pression 1s .

] ] 8
%.-p//uvgaxay-u//(%y&-%g) ax ay (7)

where 4E/4t now represents the time rate of ohange of
kinetio energy, due to the disturbdance, of the fluid with-
in the region of integration. The firet term on the right-
hand side of egquation (7) involves the shearing strsss

p u Y and represents the rate at which energy is absorded
from the baslc flow. This energy is added to that already
present in the disturbance. The seoond term on the right-
hand eide, whioh is obviously always negative, is the rate
of diesipation of the energy of the disturbance by visoos-
ity. The predominance of one effeot over the other will
determine the net ohange in the energy of the disturdanoce.

The first term on the right-hand side of equation (7)
has an interesting physical interpretation, Firet, 1f u
and v _differ in phase by 907, as in the usual wave mo-
tion, u v will vanish over one complets oycle and no en-
‘ergy oan be absorbved from the basio flow. Seoond, since
dU/dy 1s positive, u v must be negative, if the dls-
turbance is to receive energy from the basic flow. Theee
and other oonditions are treated in the more advanced the-
ory to be oonsidered next .

B. Genoral Disturbance Equation and Solutions

Lord Rayleigh (reference 21) appoare to have been ths
firest te outlinoe a more general mathemitiocal theory to
whioh numerous invostigators have contriduted. The mathe-
matioal diffioulties are so great that the basio voloolty
profile (U = £(y)) was usually approximated by a straight
line or segments of straight linoce. This imposed serioue
limitatione on the generality of the results. TiotJjene
(roferonoce 22) was the first to apply Rayloigh's theory to
profiles intended to reproduce flew along a wall dut his
solution suffered from the serious limitations Jjust men-
tioned. Important advances havs been made by Tollmien
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(references 2 and 3) and Schliohting (references 4 to 7),
wvho suceeesfully applied the theory to ocurved profiles
intended to represent actual velocity dietridutions.
Their most ocomplete solutions apply to an approximation
of the Blasius dietridution. PFor this dietridutien
Sohliohting's work {(referencos 4 and 5) i1s particularly
oomplete and his resulte are used here for comparison

. with experimontal resulte, The following outlino of the
theory is taken largely from reforenoces 4 and 5 with oc-
casional holp from referenco 2. The physical dasis for
tho theory, the steps in the solution, and the more im-
portant rosults aro givon hore. The mathematical aspects
of the prodlem are disocuesed in tho original reforences.
Bven in tho original roforences details of the computa-
tione are laoking and checking of resulte 1e difficult.

From the bdaslo oquations (4) and (5), tho pressure
terme aro eliminated by differentiating oguations (4)
and (5) with respect to y and x, respecotively, and
sudbtraoting the seoond from the firet. The result 1s a
linear homogenoous eguation in u and ¥:

% _ ,ydlu ,Wau,, 2%, avau _a'v _ palv

ayot 3xdy dy dx ays 3y 3y dxdt YR

3, 3
.u(.aég&.+é_“-2_'-_&.) (8)
x*3y 9y ax® aydax

The disturdance volecities may dbe expressed in terme
of a etream funotion V, sesuoh that

A )Y ) (9)

{
= - 2
M ox |

Any pericdio disturdanco may te represcatod by a Tourier
serios. 8ince equation (8) 1s linoar and homogonoous in
u and v, 4its behavior may Ye invostigated by ueing a
singlo torm of tho gorios. Thig amounts to assuming a
periodio dlsturdance whoeo stroam funoticn has the forms

V= F(y) oxp [1(ax - Bt)] = P(y) oxp [ta(x - ot)] (10)
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where ¥(y) represents ths initial amplitude of tho stroam
funotion which dopends only on y, o = 2n/A whers A 1o
ths wave length, and t 4s the timo. S8Sinco P and hence

¢ ars gonorally complex gquantities, oquution (10) may dbs
written

V = P(y) oxp [ﬁ(ax - (Bp + 1 By) t)]

» ¥(y) exp [}a(x ~ (ep + 1 04) t)] (11)

vhere B,, tho roal part of B, 4is the angular velocity
or 2nf (f = froquency); By, the imaginary part of B,

1s the coefficiunt of amplification or damping, deponding
on whethor it ie poeitive or nogative; and op = Bp/a 18

tho velocity with which the phage progressgs and will Yo
tormed simply "wavo velocity."

¥hen equation (B8) is written in terms of the stream
function and sudetitution ie made for V in accordance
with the geconi of equations (10), the result is

(U = o) (F* - 19F) - U"Y = f& (P - 23F" &+ %) (12)

vhere the primes represent differentiaticn with reepect to
y. Equation (12) {s a homogeneous linear differential
equation of the fourth order with a general solution of
the form

¥ » O;F, + O F, + C3¥Fy + 047, (13)

vhers T,, ¥,, ¥,, and ¥, are the particular solutions
and C,, Cg5, C,, and O, ars the constants of integration.

The form of theee partiocular solutions depends on the dae-~
1o velocity assumed, that ie, on the boundary-layer pro-
fils.

A solution of equation (12) was first odbtained dy
Tollmien (reference 2) for a velcolty distridution in-
tended to approximate cloeoly a Blasius distridution. He
coneidered the oase in which amplification and damping
weré adsent, that 1s, for real values of B and o, and
obtained the so-called "nsutral” ovscillations. 8Schlich-
ting (reference 4) repeated Tollmien's calculation and in
addition treated the caee for emall amplification., In a
lator paper (reference 5), Schliohting determinod the dls-
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tribution of anplitude of neutral cecillatione acroee the
poundary layer and 1nvo|t1¢ntod the energy balanoce.
Sohliohting's work is therefore more complete and BOT®
euitavle for ooxparison with experiment.

Both Tollmien and Schlichting .pororinatod a Blasive
distridution by & straight line and a parabola as gol-
lowe?

Yor O s ; < 0.175,
3. L
u 1.68

Yor 0.176 S%—i 1.015,

%’- -1 - (1.015 - %)'

(-]
Yor % > 1,015,

This gave 8 suffioiently olose approxi-ntton to the Blasius
dietribution of not a suf £004 ApProx-
4mation for ! .

therefors taken dirsotly from the Bla

the following terms Oof the gserien, whioh

to small values of yls, were ueed

% - 1.68 [1 - 3.65 (})’]
%—%- -18.4 (%)'

(]
The dieplacement thiokness &% = /’ (1 - %L) ay = 0.3478.
°
°

.lohliohtihg gives 0,3418 for the integral and this value
was used to oompute the valuen 07 & in figure 21.
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I% was assumsd that U.= f(y) and that ¥V = O, This
1¢ squivalent t0 assuming a nonthioksning doundary layer,
that 1s, oonstant &, and is the basis for moet of ths
adverse criticism of the theory. In a real boundary .layer,
8§ depends on x, U = f(x,y), and V ¢ 0; but the de-
psndenos of U on x 4is small eompared with the dspend-
ence on y, and Y i¢ small compared with U,

8ince the purpese of the present papsr 1s merely to
indioate the method of solving the equation, the golutions
will be indioated in general form. The oaloulations have
besn carried through to numerioal results for only a fsvw
velooity profiles.

Equation (12) is not readily solved 1in ite entirsty
and oertain approximations must be made that involve the
friotion terme on the right-hand side of the equation,
The simplest approximation 1s to negleot the friotion
tsrms entirely. In order to Juetify this, equation (13)
is put in a dimensionless form that has the Reynolds num-
ber as one of the parameters. When the new independsnt
variabls y/8* 1s introduced and T = U,8°f, the result
is

93-:9- (p* - a® s+%) - %

R res UL Ul Ly LA S DR ST

where the primes nov denote differentiation with respect
to y/8* and R 1g the Reynolds number., When R i
suffiolently large, the right-hand side of enuation (14)
may be small enough to negleot, The effect of the frig-
tion terms is actually negligible for all values of y/8*
except those near the surfaoe and near a plane,! that 1is,
also near the surface, vhere the wave velocity 1s equal
to the local stream velooity, It has been shown by
Tollmien (refersnoe 2) that o0 must always be less than
Usi a point will therefore always be found in the bound-

ary layer where U = o, Exolusive of this point and the
surfaoe, two particular solutions ¢;. and @5 may be

1Since the theory applies only to a boundary laysr of oon-
stant thiokness, the problem is sssentially one-dimension-
al and this plane is commonly referrsd to as the oritioal
“point."
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obtained by solving the frictionlees equation

(9 - o* se?p) - T2 o (s)
o

U-o0
Us

The eclutions are expressed as pover series developed
adbout the Yo+ Vvhere Yo s the pesition of the criti-

cal point, U = o, These solutions are

( - - ye)? ]
fo Lol e, L-,—-’—] ae

§a = 2% 9, 10g LX), sy - ve)

1+ v, =

(y - yc)a

es T - (17)

+ b,

vhere U; and U; are the values of U" and U! at

- the oritioal point., While @, 1e regular throughout the
vhols laysr, @ possesses a singularity at the oritioal
point and a correction to equation (17) must be found ty
another approximate solution that takes into acoount the
friotion at the oritioal point. Thie smecond approxima-
tion to eouation (14), valid in the neighborhood of the
oritical point, resultes from neglecting all but the larg-
ost of the friction terms,

For this purpose a new indevendent variable n 1
introduoed, defined by

Y -y U"‘l/3

6.° n‘.&'ku—c n=en (19’T\

From this it 1e seen that " i a dimensionlens variadle
which is eoual to sero at the oritioal peint y = Voo
Positive for y > y,, and negative for y < Yo Faua-

tion (14) ts nov written with " as the independent
variadle for @. Sinoe this equation will be used in the

U-c¢

vioinity of -
y y ,°l Uo

oan be approximated by
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]
(;f);n and yw« by Uc.

vhere the Primes Again denote
dfttorontiation vith respect to y/8s. mp, ®quation be-
comes
19+ g (n - 24 t‘aas'a)

-9 (c * nelaper | Letatged) o (19)
where ] ditterentiatod with reg
1s ema1l, ¢y, termg Sontaining e
&nd equation (39) becomes

Peot to ¢,

9 Singe ¢
and ¢

are emitteq,
19*" 4 ngn (19a)

vation (19,) o4
and 4 s0lution of t
1ndicato| the

Thi, form 1,4

ntaing no

is %qQuation
forn of 2 to be

fa = g:' . (1°G ’Z%IE! + 1"')

2
“l"b:-sz-;-TyL)‘baiys;."-“L"loo ‘1’.)

Ry Deglecting the term in equation (194) Sontaining
€, the hono;unoou- sauation

1¢un + ﬂ¢" = Q (30)
1s obtaingg, The solutyog of equatiopn (20) Sontaing the
tvo partioylap solutions ¢

3 and g, ypyq AT® expreggeq
in terpm, of Hankel tunctfont-ns'tollov-l

n n . 2 )
9. .[ dn./ ni/a gﬁi"" lf(an)”‘]aﬂ
[-

(21)
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vhere K(')'(') are Hankel funotione of the firet and
esoond kind. Equation (20) 1s valid all the way to the
eutface. It i¢ found that 3 diminishes vsry rapidly
from the surfaocoe outward and is therefore important only
near the surface. On the otker hand, ¢. inoreases
rapidly with y and will not satisfy the requirement
that § = 0 at y = »; henoe, ©Cs 1in equation (13) ie

set equal to tero. The general solution of equation (14)
may then bde written

P = Cyf, '+ O, + Cyfs (22)

C. Charaoteristio~Value Prodles

The stadility investigution is a charaoteristio-value
prodlea - that is, one in which the boundary oonditions
afford suffiolent equations between the solutions at.the
boundaries to determine the values of the parameters for
vhioh equation (13) 1s satisfied, those values being the
oharaoteristio values. At y = 8§ where U = Uy = oon-
etant, the solutions of equation (14) are of the simple
form

oxp (~a8® JL)
6.

y
oxp (+as® E7)

The solution with the positivae exyponent must be ignored
a0 1t 10 infinite at y = w, Ae the outer doundary oon-
dition, then, P'/P = - as®, 8inoe @s hae already dle-
appeared at the outer boundary, the result 1e

0y($15 + a8*Pyg) + Ca(Piy + asPay) = O

03016 + 0303& - 0 (33)

vhere the eubdsoript & 1indjoates the solution at the,
outer dYoundary and




- )
-

1
1 = £,4 ¢+ as*g,,
Pag =y + ad Py,

At the surface, y = 0 apg =@ 20, mThe surface
Youndary ocnditions are then eimply

c;’:o + ca”ao + ca¢3° =0 (é‘)

C,f,, + 0, + Csbs, = 0 (25)

wvhere the subscript o denotes solution op the surface,

# 1n equation (22) does not ;Ihilh identically,
the following determinant of the boundary solutions,

formed from equations (23), (24), ana (35), must equal
sero! ¢

L
P,
8olving the deterxinant giveys

#s,

¢a°°16 - '1°°86 (26)

The left-hand gige °f esuation (26) i, & functiocn of
Nos Wwhere Mo 1s the value of N at the eurfage,
%y equation (18) o 2 as*
and

and
and the right-
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hand gide by 3 gives

0(n,) = B(as®. o/U,) (37)

Bquation (27) is complex and may Ye separated intc twec real
equations by separating real and imaginary parts. 3Between
these two squatione any one of the three unkncwn paras-
esters, a3®, R, and ¢/U,, may be eliminated and a rela-

tion between the other two found, This has Yeen dons by
Yoth Tollmien and Schlichting for ¢ real, that is, for .
cecillations neither amplified ncor damped. Tor this case,
equation (27) may be written

- —— o,

6, (ngp) = Bylags®s 0,./U,) (28)

where the sudscript n denctes neutral oecillations. If
6y is-eliminated, a relaticn between al® and R 1o

found., Thie gives the theoretical neutral curve ehown in
figure« 20, 25, and 27. By eliminating af® the relation
bYetveen o¢,/U; and R, shown in figures 26 and 33, ie

found. Recomhination of these quantities resulte in
$,v/U,%, plotted in figures 13, 16, 17, 19, and 24,

The curves Jjust n.ntion;i extend only to the maximum
values of R that are'of practioal interest. Tollmien
points out in reference 2 that both dranches I and II of
thees curves approacu the Reaxis as & approcaches infin-
1ty. Branohes I and II therefore meet at infinity and
form a clceed curve, Amplification coocurs within the
regicn enclcsed dy the curve, Damping ccours in all other
regicns,

The values ¢f the parameters are given in tadle III.
The computations were made by a comdination of analytical
and numerioal methods, It may be pointed out that the
values ottained by Tollmien and Sohliohting showv some dif-
ferences. These are prodadly due to differences in the
details of the computations. Values plotted in the fore-
going figures and appearing in tadle III are Sohlichting's
resilte,

Schliohting extended the oalculations tc include
emall amplificatiocn, applying conly in the neighdorhcoed of
the neutral curve. The cszloulaticns werse carried cut, nét
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by a direot solution of equation (27) dut by a series de-
velopment etarting from the neutral saquaticn (28)., Thus
6(n,) is found by e

<

0(ng) = G(ngn) + (o - Nop) O'(Men) * -+ - ¢ (29)

and B (a8®, o/Uy) 1is found by

Sase, ofte) = Balamt®s oxfta) + (= o) (52)
a

"(ta-o,;-)(%%‘L PO (30)

¥ith the values of 6 and I given by eouations (29) and
(30), amplifioations vere determined near and within the
epace enclcoesed dy the neutral ourve By = 0. Values de-

yond ‘the range pornitted by this method were detsrmined
by interpolation, Wy assuming a oubdblc equetion for T}

at oonetant R that meets both branches of the neutral

d
ourve with the known slope ?E} at these pointe.

Sohliohting's dlagranm showing the theoretical amplifioa-
tion is given in figures 27 and 28, It will de noted
that f; hae a maximum near the oenter of the zone and

falls off toward bdoth wranohees of the neutral ourve. In
socordance with equation (11), amplification of a die-
turbanoe is expressed by

ta
Ag
roge ozpf Bydt - (31)

t,

where 4&; 1s the amplitude at ©, and Ay 1310 the ampli-
tude at ta. If ty 1e taken on branoh I of the neutral
ourve and t3 on branoh 1I, the total amplifioation at

BV
oonetant 5‘; vae oalculated Dby Schliohting for several

°
parte of the amplification sone, Schliohting!s values
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are shown in figures 13, 19, and 30, The maximum total
amplification up toc a given value of° x, when digturbances
of all frequencies ars present, ie determined by the eaua-
tien

/ N\
alx) nt(z)

A, " %P (max :/ Bydt (33)
t)

Schlichting found that the relation between thie maximum
total amrlifiocation and the x-Reynolde number up to an
Bx of about 10%® gould be represented dy the following

interpolation formula:

A(Ry)

—— = 0.56 exp (0.555 x 10”8 a,) (33)
1

The solution thus far has determined several charac-
teristics of the wave. TYor any given value 6f R and
the freouency, it is knewn vhether the wave will be ampli-
fied, damped, or neutral., Yor a given freouency the wave
velocity is related to U, 1in a known way and is constant

over the orcss section of the layer. In like manner the
vave length is known in relatiocn to 8%,

D. Distridution of Amplitude, Correlation
and Energy Balancse

The characteristic-value problem gives no informa-
ticn about the relative magnitudes of u and v nor how
they are digtridbuted through the boundary layer. How the
boundary layer "vibrates," vhether as A wvhole or in parts,
remains unknowa, This {s because the boundary oonditions
were used to determine only the parameters of the problem
and not the constants of integration,

In a second treatment of the theory applied to the
flat plate (referernce 5), Schlichting completed the in-
vestigation by determining the constants in equation (23)
for neutral csoillations, that is, for 91 = 0, He was
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thus able to caloulate relative values of u and ‘v and
their distridution aoross the boundary layer. The phyei-
cally important questions of the cerrelation bdetween u
and v and the energy balanoe were also ansvered. The
same approximation to the Blasius distridbution as used
earlier was used here,

S8ince abgolute values of u and v, which obvi-
ously depend on the intensity of the impressed disturbdance,
are of no intereat in such a treatment, one of the oon- -
stants was left undetermined and for convenienoo was made
uwaity, Thus,

0131

and, trom the boundary oonditions expressed by equations
(33) to (26), the following valuer for C; and C3 are
obta;nod&

c'--

7Y

0:5 LY}

. 1 . 1 t .
o "a‘ Ts #a, - ¢:°) - “:: Tas ba, ~ "o)

-’

¥hen the valuees of the boundary solutions and their derive-
tives are known, C; and C; may be determined By eaqua-
tion (34). The general solution ¢ is thoreby determined
exoept for an arbditrary intensity factor, ¥Yrom the nature
of the partioular eolution ¢ has real and imaginary
parte P, and @4, whioh must be known with their deriv-
ativey in order to determine u and v.

The stream funotion Y 4n eauation (9) and the first
of qquations (10) are used to obtain the real parts of

u
ﬁ:’ and ﬁ: , since T = qu'ﬂ. aa followsi

) 4 [¢r'°°' (ax - B.t) ~ #,' oin (ax ~ Brt)]
(36)
[ﬁr oin (ax ~ B.t) + ¢1 cos (nx ~ D,t)]




" where K 4a an arditrary intensity factor, The ocrre-
gxoding root-mean-equare values 0f u and v are

v! ) &
-

Us /3

(36)

(37)

is readily obtained

An expression for the kinetic energy -
and adding. he cor-~

by mquaring equations (36) and (37
Telaticn coefficient defined by

X = uv -
u'ly!?

becomes
P8y - 9.0,
“(<”'a + 800" 07)

Yalues of u'/U,, v!/U,, and X were caloulated

by Schliohting for neutral oscillations corrssponding to
the following twe pcinte, one on each dbranch ¢f the neu-
tral curve:

Pr

Cr

Branch

ad*

U

I
11

894
2070

62.3 x 10°¢
- 42.4

0,169

251

T

0.35

«35

The value of X wae ohtgen tc give an average value of
w!/Ug = 0,06 from O toc 8. Table IV gives the values of
u'/Us, v!'/U, and X caloulated by Schlichting.
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¥t will be seen in tadle IV that u'/U, = O at the

esurface and again at a point near y/§ = 0,854 for branoh
3 and near y/8 = 0,774 for dranch II, after which it
again increases for greater y/8. The values of u'/U,

are plotted in figure 21, vhere the theory is oompared
with experiment., At the points within the boundary layer
where u'/U, vanishes, a 180° phase shift ocours in u,

meaning that the instantaneous u-oomponent of the osoilla-
tion velooity is decreasing on one side of this point
while it 1s inoreasing on the other. No suoh phase shift
ocours in v, Table IV also shows that correlation does
exist between u and v and that UV 1s negative., This
means that energy is drawn from the bdasio flow; and, in
sccordanos with equation (?7), this energy must be balanoed
by the dissipation if the oscillation is to be neither
amplifisd nor damped. Schliohting evaluated bdoth terms

in equation (7) by integrating from x = 0 to x = A

and from y =0 to y = o, The net flow of energy vas
found to be very nearly zero, which indioated that the
oscillations were nearly neutral, This result wvas inter-
preted as proof of the oorreotness of the solution to the
charaoteristio-value prodlenm,

—— e

A physioal explanation of the correlation betwveen u
and v 1g attempied by Prandtl in reference 20, It ap-
pears that u and ¥ would differ in phase by 90° and
u¥ would vanish in oonsequence if there were no phase
ehift in v procduoced by the vistosity near the oritical
poeint. The viscosity is thus responsidle for the flew of
energy tc as well as from the dieturbdanoe,.

E, B8olutions for Other Oonditions

Tolimien (refarence 3) has attempted to generalise
the sclution suffioiently to inolude boundary-layer pro-
files with an infleotion point, suoh ae occur with an ad-
verse pressure gradient. FYor suoh profiles the sign ef
U* ohanges from posltive to negative in passing cutward
from the surfacs and, at the infleotion point, U" = O,
The velocity of the neutral wave is shown to be eaual to
the strean velocity at the infleotion point, and an im-
portant consequsnce of thig is the absence of a critioal
point at U = ¢, 4in the solution of the frictionless

equation (16). The conolusion 1s that profiles vith an
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infleotion point are inherently unstadle, althcugh neutral
6scillaticns can still exist., These cocnsideraticns sug-
gost that an adverse pressure gradient is ‘favoradble to
amplification,

0Brtler (reference 23) has investigated the effect of
wall ourvature on the stability of the boundary layer and
finds that velocity profiles are unstable if a change of
sign cccurs in U" ¢+ U!/r, where r 4is the radius of
ocurvature ©f the wall, If an inflection peint (U" = 0)
existe, the point where U" + U'/r «a O 4ig farther from
the surface than the pcint vhere U" = 0O for a coxvex
wAll and nearer to the surface for a concave wall., If noc
infledticn point exists, a point wvhere U" ¢+ U'/r = O can
ceour only on a convex wall, It 4s ccncluded that convex
curvature has a destadilising effect and that concave cur-
vature has a stabilizing effect,

Soluticns for profiles with inflection points are
given in references B8 to 10, Rosendbrook (reference 8)
investigated the flow thrcugh a diverging ohannel as the
channel vwas towved through still water. Streamlines were
made visidle by fine particles of aluminum in the water
and wawelike moticne acdompanied by the formation of
eddies cculd be cheerved as well as the velcolty dietri-
bution. 4 sclution, following Tollmien in reference 3,
¥as obtained for S~ghape velccity profiles approximating
those cbserved. TFair agreement was obtained between the
cbserved and the ocomputed wave lengthé. Hollingdale (ref-
erence 9) cbtained the solution appropriate to the laminar
vake formed in one case behind a flat plate and in another
behind an airfoil, deoth towed at lovw speeds thrcugh still
wvater. Oscillating wakes were chserved at certain
Reynclds numbers and the wvave length and the wave velcoity
vere measured., With the appropriate interpretation of
theoretical results, fair agreement between calculated and
cbserved wvave length and wvave velcocity was Chtained.

Savic :(reference 10) cbtained an exact sclution of the
friotionless equaticn (15) for the two~dimensicnal Jet and
cbtained expressions for the neutral wave length and wvave
velocity in terms of charavteristice of the jJet. The the-
oretical results wvere compared with observaticns of wvave

. length and wave velcoity made on an acOustically eensitive
Jet and gocod agreement was odtained,

Schlichting (reference 6) has determined the offect
of centrifugal force ¥y calculating the curves of neutral
stadility for a bdoundary layer develcoped on the inner

a
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vwall of a rotating oylinder. In reference 7, Sohlichting
has determined the effect of density gradient on the sta-
bPility of the toundary layer, using the approximation to
the Blasius distribution given in part B of this section,
¥eutral curves outlining the tone of amplification are
€iven, Stability is principally affected by a gravita-
tional field in connection with the density gradient
through the boundary layer.

The methods of Tollmien and Schlichting have Yeen ap-
Plied by Pretsoh (reference 24) to the boundary layer on
bocdies of revolution, The approximate forms of the gen~
eral disturbance equations from which the four particular
eclutions are obtained are found tc be the same as those
for the tvo~dimensicnal case; the solutions are thsrefore
the same., The solutions are applied to the known velo-
6ity profile at the stagnation peint of a sphere and the
curve of neutral stadbility is computed.

3, Naturally Bxcited Oscillaticns

Faturally excited oscillations are those originating
fros the amplification of small disturbances naturally
present in the etream. These oscillations were treated
in seotion VI-1 and their frequencies wvere experimentally
cbtained and plotted in figure 13, The oconcept of vaves

running downstream through the boundary laysr has dYeen
introduced; the behavior of the cscillations in relation
to figure 13 oan now bde discusssd,

One important feature of figure 13 is that the values
of amplification ccefficient are pcsitive within the sone
oncloesed by the neutral curve and have values reaching a
saxizum near the center and falling toc zerc on eéach bdound-
ary. Outside the zone By 18 negative. All disturbdanoces,

vhether damped or amplified, travel downstream and there-
fore in the direction of increasing R since 8* inoreases
¥ith x. Tor exadple, a fixed speed U, and a disturbance

of frequsnoy such that a,u/uo' in figure 13 equals 40 x

10”% are considered. Such a disturbance, ¢ it Yegan at
the lesding edge of the plate, would be danmped as it passed
along the boundary layer until it reached a point where R
attained the value 1180, TFrom this peint to R = 2160 the
dieturbance would be akplified and, as it passed dYeyond
this point, would again de damped, If A; and 43 are




the amplitudes of the disturbance at the beginning and at
‘the end of the amplification zone, the ratic Ag/A, = 742,
In other words, the amplitude has increased 742 times
while crossing the zone. This is the total amplification
given by eaquation (31), A disturhbance of any given fre-
quency will then be most highly amplified when it reaches
branch II of the neutral curve,

Figure 8 shows that, in experiment, many freouencies
are represented in the initial disturdance, The fact that
the observed doundary~layer oscillations contain one pre-
dominant freauency must bde explainsd. In order to deter~
mine whether theory’ and experiment are in agreement, the
place on the theoretical diagram' where ths predominant
frequency should lie must be found, Instead of travers-
ing the diagram of figure 13 with a wave of a single fre-
quency as in the foregoing illustration, waves of many
frequencies, covering a wide range of values of B,.V/U,3,

are supposed tc enter the amplification sone through
ranch I and undergo amplification at a rate determined

by their frequency as they proceed to the value of 1 at
which the observation is made, Initial disturdances arse,
cf course, prssent in the doundary layer at all values of
R and disturdances enter the diagram at all points.

Those entering this diagram ahead of dranoch I are reducod
bty damping delcw the pravailing level of ths initial dis-
turbances while those entering behind dranch I cannct re-
ceive full amplifioation, Disturdances occourring at
points corresponding to branch I have the largest initial
value and also receive the -highest amplification and are
therefore assumed td be the ones whose davelopment should
mainly determine the final result at the pcint of odserva~-
tdon, It will be noted that amplification  -increases with-
ocut limit as the freauency lecreases if no limit is placed
oen the Reynolds number, The experimental obhservation,
however, is made at a particular value of R and henos of
Bx. under this condition tt is obvious that one particular

value of B.v/U? will bacome more highly amplified than

any of the others, thisé one having the maximum total ampli-
fication given by equaticn (33) in terms of Ry and the

initilal amplitude A;. This freouency cdviously 1s the

predominant one that should bde found on the oscillograph
records, The remaining questicn now. concerns the posi-
tion of this most prominent frequerncy on the diagranm,
that is, where the experimental points should lie,. The
problem then Vecomes one of determining along wvhat line
starting from dranoh I and running parallel to the R-axis




the total amplification 1s a maximum up to a given value
of R, By taking into acoount the values of §, given

by Sohlichting it wae found that for unifcrm energy dis-
tridbution with freocuency, this line introduced into the
diagram along branch I interseots the prescribed value of
R somewhere between the center of the zone and branoh II,
Yor more accurate results, both the initial energy dis-
tridbution and the damping prior to reaching bdoundary I
must be considered, The experimental points should lie
ineide the zone near dranoh II, The agreement with the-
ory is not perfect, einoe many points lie on branoch II
and outeide the zone, but ie ae good as ocan be gxpeoted
from observations of this sort.

The proocees described here is believed to be one of
oonsiderable importance einoe it is the procees by whioh
laminar~boundary-layer osoillatione develop from initially
random dieturbanoces, In order to develop a pure 0eo0illa-
tion, initial dieturbxnoes muet be ¢0 emall that a large
amount of amplifioation osn ooour besfore transition de-
stroye the laminar layer,

It hae been pointed out that the osoillatione ap-
pear to be three~dimensional. This i1e to be expeoted dbe-
oause of the three-~dimeneional nature of the initial die~
turbanoee. The theory, however, oonoerns two-dimensional
osoillations and how this ehould affect the agreemsnt
with experiment is not known.

4n apparent digorepanoy between figures 7 and 13
auet be pointed out, It will be observed in figure 13
that oecillatione are indiocated for R ae high ae 3120,
Thie oorresponde to an R, of 3,28 X 10° and, acoording

to figure 7, is in the traneition region. The osoilio-
graph reoorde aotually ehowed intermittent turbulenos,
but 41t was etill possible to read oecillation frequenoiese
froa nonturbulent parts of the reoords. The limite of
the traneition region are defined etatietioally by the
surface~tube method, The dleorepanoy is therefore only
apparent,

In oonneotion with the surface-tube nethod another
effeot was noted -~ namely, that a riee in the surfaoce-
tube reading was noted a little ahead of the point: where
turdbulence wae indioated by the hot wire. Thie is be-
lieved to be oaueed dy a elightly modified velooity die~
tridution arieing from the shearing strees given dy @V
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in the 0s0illations. The lowsr doundary of the transitioen
region in figure 7 is thsrsfore a little toe low, dut the
displacement is small and has n¢ signifiocant sffect on the
shape of the ocurvs,

VII. ARTIFICIAL EXCITATION OF BOUNDARY-LAYER
OSCILLATIONS, ZXRO PRXSSURE GRADIENT

It was scon realized that a study of doundary-layer
oscillations ooculd be ocarried out to better advantage if
they wsre not caused by aooidental disturbances oscurring
in the wind tunnel bdut were produced by a contrellsd dis-
turbance of known amplitude and frecuency at scme chosen
position., This was finally accomplished by ths vidbrating
ridbon discussed in seotion VII-3, While a searoh was
bsing made for devices of various kinds that would ac-
complish the desired result, sffeots of sound were tried,
Interference from naturally exoited osoillations was
minimized by making the artificial disturdanoes muoh
greater than the natural disturbances, The bdolting-cloth
damping screen was alese inetalled with the six wire
sOreens, but the additien of this soreen had ne dstsot-
able effeot on the natural oscillations.

1, Sound from Loudspeaker .

The effeot of sound intensity on the doundary laysr
is of ianterest bdecause scund is an unavoidadle source of
disturbance both in wind tunnels and in free flight of
pover-4driven aircecraft. A 25-watt loudspeaker was acoord.
ingly installed in the top of the tunnel at tho leading
edge of the plate and fed dy a variable-frequency oscilla-
ter through an amplifier. The intensity and the frequenoy
wsre controllable.

Interesting effects wero easily demonstrated., Yeor
example, boundary-layer oscillations could be induced at
will merely by chocsing the right frequency for a par-
tioular position and speed. Transition could be meved 1
or 2 feet ahead of its natural position by the right oom-
bination of intensity and frequency. In general, a ran-
dom noies from the loudspeaker produced similar reeults,
but the effect on the oscillations was not so marked.
These were casual cbservations with ne attempt at quanti-
tative measurements,




When quantitative work vas attempted, it decame ap-
parent that the complicated sound field in the tunnel
was & decided draw-back. Yigures 14 and 15 show the dis-
tridution of sound intensity along the center of the work-
ing chamber 3 inches from the plate. Figure 14 shows a
standing wave at 48 cycles per second with either a node
or a loop at the center of the plate depending on the
type of microphone - that is, whether crystal micérophone,
responding to sound preseure, or ridbon microphone, re-
sponding to particle velocity. This tutfned nut to be the
fundamental frequency of the 1l2-foot tube formed by the
plate and the tunnel walls. The same etanding wave could
be eet up without the loudspeaker when the exciting fre-
quency .came from the eight-blade wind-tunnel propeller
ruaning at a speed of 360 rpm. Figure 15 showe the die-
tridbution at 60 cyoles per second. The ridbdon microphone
and the hot-wire anemometer show nearly the same distri-
bdbuticn, as would de expected. These are only a few ex-
amples of the sound field and the change in distridution
with frequenoy that serve to complicate any studiee with
controlled sound intensity.

.When the lcudepeakor was used to excite oscillations,
two procedures were tried: (1) The sound frequenoies
that produoced oscillations of maximum anplitude at chosen
vslooities and positiens were determined and (2) a sound
frequency and positicn were ohosen and the velooity was
then varied until the oscillations were a maximum. By use
of the eound frequencies read on the ogoillator together
wvith the meaeured Uy and x, BV /U, and R were oal-

oulated and plotted in figure 16. The e0lid line is again
Schlichting's curve of neutral stability enclcsing the
sone of amplification. 8inoe both proocedures amounted to
finding the ocondition for maximum total amplifiocaticn,

the points sheuld lie within the sone near draanch II to

be in agreement with theory. In view of the diffioculties
enoountered, the large scattering of the points is not
surprising. :

Another application ©f the loudspeaker oconsigted in
directly connecting the amplified output of the hot wire
te the loudspeaker sc that regenoration oould ocour, Dis-
turbanoces picked up by the hot wire were thereby fed back
as sound, - wvhich in turn reinforced the initial disturbanoce
vhen the proper phase relation existed, causing the systen
to oeoillate. The resulting frequenoy was read from a
variabdble-frequency oscillator oonnected to tho oscillo-
graph to forms Ligsajou figures with the hot-wire signal,
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The frequency of regeneration was determined by the fre-
qusnoy response of the wire, the electrical circult, the
loudspeaker, and the tunnel as a whole, as well as by the
preferred boundary-layer frequency. Many frejuencles
oculd be found with no wind and only by rejecting these
"false" frequencies could results of any reliability bde
obtained. The results are plotted on the usual diagranm
in figure 17, MNany of the points shown evidently are nhot
related to the boundary-layer oscillations.

2. Sound through Hole in Plate

‘A looalized digturdbance was produced by bdringing
sound into the boundary layer through a hole in the plate.
At a position 18 inches above the center line and 4 feet
from the leading edge a §-inch hole was drilled through

the plate and on the back was mounted a small headphone
from a radio headset, This produced a three-dimensional
disturbance emanating from a known location.

4 hot wire, mounted on the small sledlike head, was
arranged for traversing upstream and downstream at a fixed
distance from the surface, usually along a line slightly
displaced from the hole. A survey of possidle types of
measurement showed that the method could be used only for
obtaining the type of result shown in figure 18. With the
regeneration hook-up, that is, when the amplified output
of the wire fed into thd headphone, the frequencies of os-~
oillation were determined with the wire at various dis-
tances dowvnstream from the hole. The speed was constant
during a run. Ogoillation of the system ocourred most
sasily for values of U, less than 40 feet per seoond
and with the hot wire less than 0.1 inch from the surface.
The s0lid curves of figure 18 show the disocontinuous man-
ner in whioh the frequenoy varied with the distance. Re-
versing the oonnectsonu to the headphone changed the phase

of the input by 180  and gave the resultd indicated by
the bdroken curves.

The explanation of this sort of performance is that
proper phase relations had to exist for regeneration and
that the frequency automatioally decreased ae tho distance
wvas inoreased in order to keep an integral numbor of wvaves
between the hcle and the wire. There exieted a preferred
frequenoy band, determined by the characteristics of the
wire, electrioal and acoustic circuits, and boundary layor,
Jumps occurred when ancther wave between hole and wire was
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added tc keop the frequency as near as possidle tc the
center of the preferred band. T2Phe distance bdetween curves
of one type aleng any line of constant frequency is thue
the wave length corresponding to that frequency.

It is believed that the frequency band was -detormined
mere by the boundary laysr than by the rest of the oir-
cuit when the wire was far from the hole and .that the pre-
ferred frequency was that for which amplificatien wvae a
maximum over the path from hole to wire. The frequoncy
midway between the extremes and as far as possidle fron
the hole was therofore read from sots of curves for 4if-
feront wind velocitios like that in figuro 18 and placed
on the usual Schlichting diagram. Tho result is shown in
figure 19. The path ovor which amplification oould take
place is indicated by tho horisontal line conneoted to
each point,

Since tho wave lengths oorresponding to these fre-
quencies were now known, it became poaairlo for the first
time to plot the results in tcrms of ab and R, The
, theoratical curve and the experimental results aro shown

"4n figure 20. The lines of total amplification for con-

stant Brv/Uoz, corresnonding to thoso in figure 19, aro

known. The paths over which amplificaticn could occur

in the exporiment aro rsproscnted as before dy lines ox-
‘tending from each point. TFigures 19 and 20 gonerally
show tho kind of results predicteud by theory, if the fre-
quency and wave longth are dotcrmined mainly by the char-
acteristics of tho beundary layer.

3., Excitation by Vidvrating Ridbon
4. The Ribbon

All attempts to-excite boundary-layer oscillations bdy
vires vibdbrating in the dvoundary layer falled bocause the
disturbance of the eddying wako from tho. vibration of
vires large enough to affoct the layer precducod early
transition. Tlat strips outeide tho layer suffered fron
self-induced fluttor and Aleo had troubloeome wakos that
carriod with them fluctuating pressure fields far down-
stream, A thin flat ridbon of phosphor bronzo, placed
edgevwise to the flew in tho boundary layor and only a
few thousandths of an inch from the surface, was finally’
found capablo of o0soillating the boundary layor dbut pro.
duced no detectablo effoct whon not vibrating. The ridbon
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was driven in and out from the surfaoce dy paseing through
it a small currert of the AdAesired frsquency in the pres-

snos of a strong magnetic field from an electromagnet on

the opposite side of the plats.

SBeveral ridbons were tried te find the best width,
distance from surface, and length of vidrating span. 4ll
ribbons were 0.002 inch thick. Widths ranged from 1/16
te 1/4 inch; distanoes from surface, from 0.006 to 0.015
inch; and vibrating segnents, from 6.to 12 inohos. Nons
of these faotors appeared to affect the performanoce to
any notiosable extent. A certain amount of tsansion wae
necessary for stabdility. When it was desired to place
the resonant frequency above the working range, high ten-
sion was necessary.

After this proliminary work, a ridbon 0.1 inoh wide
and 3 feet long was installed 4 feet from the leading
edge of the plats. At a distance of 6 inches frem eaoh
eide of the center line of the plate, two strips of
“Sootoh” cellulese tape were laid on the surface for ineu~
lation and spaoing. Another strip of tape was then laid
on the riddbon to hold it firmly in contact with the tape
on the plate, except for the segment 12 inohes long at the
center, Rubdber bands at the ends supplied tke tension.
The 12~inch segment at the center was 0.006 inch from the
surface and wvas free to vibrate under the action of she
current and the magnetio field. Zxaminations with a mi-
oroscope showed that the riddon vidbrated to and from the
surface in a single loop. The same osoillator and ampli-
fier that had been uged for the loudspeaker were found to
furnish ample power for driving tho ridbdon, Different
positions for the ridbon were chosen to ocover a large
range of Reynolds numbder but the method of attaohment was
always the same. Distance from tho surface varisd ‘séme~
what for 4iffsrent installations.

B. Prooeduro

. Two hot wires, ono 0.010 inch and the other 0.110
inch from tho surface, both sonsitive only to u, were
mounted on ths small stledlike head and arranged for
sliding upstroam and downstreak along the center lino of
the plate with ths digtanos of the wiros from the surfacs
fixed, Ths fluctuations introduced into the boundary
layer could be picked up dy either hot wirs. The wave
forn shaved scme distortion for an inch or so behind the
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rivbon dut in gsnsral bYeocaas nsarly sinusoidal at grsatsr
distances. Trsquencies amplified d»y ths deundary laysr
showsd increasing amplituds with inoreasing distanoce Irom
the ribvdon, whils those dampsd showsd dscrsasing anmpli-
tude. Tor much of the working region ths oscillations
oould prodadly de regarded as tvo-dimensional dut no at-
texmpt wae mads to verify this assumption.

Just as for the loudspeaker and the headphone behind
the hole in the plate, the system could be mads to oscil-
late by conneoting the amplified output of the hot wire
to the ridbbon, OCurves like those shown in figure 18 wers
obtained and, from them, three points plotted in eaoh cf
figures 19 and 20 wsre obtained, Since the ribdon could
be ueed for applications that were believed to be more inm
portant, very little work was done with the regeneration
hook-up.

The wave length was determined in the following sim-
Ple manner: The input to the ribbon from the osoillator
was connected to one pair of plates in the cathcde-ray
oscillograph and the output from the wire was connected
to the other pair. A stationary Lissajou flgure consist-
ing 0f a single closed loop was obtained since the fre-
quenoies of both input and output were the same. 4s the
spacing between ridbdon and hot wire was crhanged this fig-
ure ochanged from a straight line to an ellipse, then to
a cirgcle, again go an ellipse, and finally to a straight
line inclired 90 to the first line. This indicated that
the phase bstweon input to the ridbon and output from the
wvire had changed by 180° and that the change in spacing
between wire and ridbon was § wave length. With the os-
cillograph serving as ths indioator, wave-length measure-
monts wers thus reduced to a measurement of the distanoce
moved by the hot wire. The wave velooity was then odb-
tained by multiplying the wave length dy the freouency of
the oscillations.

Determinations of amplification and damping were
oarried out by setting the riddbon into vidration at an ar-
bitrary fixed amplitude and reading the mean-square hot-
wire output voltage as the wire was moved away from the
ridbon. The results obtained are given in section VII-3D,
The distridution aoross the boundary layer was determined
by traversing normal to the surface at somo fixed distance
behind the ridbon with a single hot wire sensitive to u,
;;gntod on the travsrsing apparatus desoridud in section

-7.




During the oourse of the work fregquencies ranging
from 10 to 260 cycles per second were used.

0. Digtridution of Amplitude across Boundary lLayer

Since a theoretioal distribution of amplitude across
the boundary layer has becn given by Schlichting (ece eoc.
VI-2D and table IV), the actual dlstributicn ie of intor-
ost as a tost of agréement botweon theory and oxperirent.
Traverses acrose the boundary layer were therefore n~do
with a hot wire downstream fram the ribbon with frogquency,
alr volocity, and distance from the leading edgec of tle
plato chceen to conform to the conditions for which the
theoretical calculatione were made. Those conditicns
correspond to oscillations on the neutral.curve specified
as follows:

Conditions required by theory
B,V

Branch R . G‘F‘
[

1 894 | 62.3 x 107°
11 2070 | 42.4

Experimental conditions
R | BV (£ . ° Frecquency

u°= Ribbon | Wire (fps) (cps®

902 161.4 x 107% | 0.75 | 1.09 41.8 103
2080 | 40:6 5.00 5.33 46.0 82

(Ribbon about 0,009 in. from surface)

The dietridbutions are given in figure 21 with amplitude
expreseed in terms of u'/U,. The eolid curves ehow the
theoretical distribution and the broken curves through the
points show the observed distribution. In both cases the
traverses were made 4 iuchss behind the rivbon. The vidra-
tienal amplitude of the ribbon was est arbitrarily and abdbout
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the same for branches I and 'II., The smallsr valuss of
u'/U, 4n branch II result from ths smaller effect of the
ridbon on the thicker boundary laysr. Since the theorst-
{cal valuss given by Schlichting were based on an arbi-
trary average amplitude of u'/U, = 0.05 from y = 0 to

y = 8, Schlichting's values were reduced to give the av-
erage found by experiment; that is, areas under the thoo-
Tetical curves were made egual to areas undsr the experi-
Bhental curvss frem y =0 to y = 8,

Although the general agreement hetween theory and ex-
periment is good, porhnps the most striking confirmation
of the theory is the 180° phase shift occurring at y/8 =
0.7. On moving outward from the surface all oscillations
disappeared at this point and farther out thoy reappeared
but .with phase oppesite to those that had disappeared.
This phenomenon is shown in a more striking manner dy the
oscillograms in figure 22. The pairs of traces are si-
multaneous records of oscillations picked up bdy two wires,
one of whioh was at a fixed distance of 0.055 inch from
the surface (lover tracoc) and the othor at varying die-
tances, beginning at 0.080 inoh (uppor trace), Tho simul-
taneous rocerds were made possidle by an olootronic switch
that impressed the separately amplifiod voltagss of tho
twvo wires nn the mscillograph, altornatély and in rapid
succossion, The switching from one to tho cthor accounts
for the dotted appoarance of tho trace. The waves aro in
phase for the first four records; the amplitudo of theo
upper wavo decreascs with eaoh succeoding rocord to szoro
in the rifth, 3Boginning with the esixth, an osoillation
Teappoars ‘v tho upper trace but 180° out of phaso with
that in thue lower trace. The oscillations in thoso rocords
lie near the centor of tho amplifiocation zono at R = 1720,

The type of distribution shown in figuro 21, inolud-
ing the phust reversal, vaes found for amplified, damped,
and neutral froquencies and for oscillations as closo as
1l inch behind the ribdbon and as far downstream as tho os-
¢illations romained free from transition disturdances,
Ths faot that the main featuros of tho dietribution wore
feund 1 inch bohind the ridbon shows that tho forcod os-
oiltution. ia tho boundary layor vory sodn roach a stoady
state.




D, Amplifiocation and Damping

Vhen the wire vas kept at a fixed distanos from the
surface and moved downstream from the riddoa, the anmpli-
tude of the foroed gscillation either increased, decreased,
or remained the same, depending on the fraquenoy, the ve-
looity, and the Reyndlds numbar. The amount of the chan;o
with distance oould bde determined dy reading the moan-
square value of the fluotuating voltcge aoross the wire
on the output meter of the turbulence amplifier. In cor-
der to eliminate as far as possidle the extraneous dis-
turbanoces introduoced dy turdbulence and dy the noise of
the tunnel, the cicnai from the wire was passed through
an electrical filter, which was tuned in eaoh case to pass
only a 5-oyrle band around the frequency being measurod.
The results of a typical run with the ridbon at the 4-
foet position are shown in figure 23. In this figuro
Xo denotes & position 2 incheds downstream from the riddonm.
The ratio u'/uy,' ie bthe squars root of the muter reading
at x divided dy the square root of the meter roading at
Xg.

Aooording to eguation (31)
t(x)
“'
BT " O%P Bydt
“t(x,)
t(x).

2.3 log,, ;E— = L/p Byat
0

t(x,)

Differentiating with respect to t and using thé rolation
dx/dt = o., where o, is the wave velocity, givos

]
a (1oey, ;ET)
T

ax

(35)

By = 2.3 ¢

The wave velooity is odtained by multiplying the measured
wave length by the frequency. If the ohanges in u'/u.'

with dietanoce shown in figure 23 aro truly offocts of am-
plification and damping, the slopes of tho curves in thig

figure serve to determine P,.
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Before theee elopee can de used with oonfidonoe, eof~
feote introduoced by the thiokening of the layor with in-
ereaesing x and offocts from possidle changos 1n the
distridution aoross the layer also with x must be inves-
tigatod. Errors can ariso from these souroes beocause of
the oxporimental prooeduro - namely, the dotermination of
grovth or decay of amplitude by varying the dletance bo-
tween tho ridbon and the wiro while keeping the wiro at a
fixed distanoce from tho surface. FYrem the ovidence in
sootion VII-30, ohangos in tho distridution are small and
can cause dut littlo orror; however, the incroase of §
with x may givo rise to an apparont amplification of
damping, doponding on tho position of the wiro in tho
layer, In all oases in whioh data on amplifiocation and
damping wero obtained, the wiro was in the rising part of
the dletridution, that is, valuos of y/8 bolow those for
maxizum u'/U, in figure 21. Consequontly, tho incroae-

ing 8 with inoroasing =x 1introduoced an apparent damp-
ing, whioh ocausod all odsorved anplifioation to be loss
than the truo value and all observed dampiag to bo too
great. If 1t 1s assumed that the inner part of the dis-
tridbution ourve 1s a straight lino paseing through tho
origin, tho maganitude of tho error ia B; caloulated

from oquation (39) by ueo of observod slopes is i %I.

Any ourvature in tho distridution ourve like that shown

between sero and the peak value of u'/Uy in figure 21
lessons the orror. 8inoe % %E thorofore represents an
upper limit and sinos 1ite valuo turned out to bde about
the order of the random deviation in rosultse, By was

oaloulated by equation (39) with the use of the oxperi-
mentally determined slopes without oorreotion.

In figure 23 the curve for 40 cyoles per seoond shows
danmping throughout. As the frequenoy is inoreased anm.
plifiocation takes place, reaches a maximum at 120 oyoles
per seocond, and then deoreases until 180 oycles per seoond
again shows damping. In the range of Reynolds nunmder rep-
resented by this range in x, all frequonoles below adout
80 and abdove 180 cycles per seoond are damped, while a
band of amplified frequenoles lies in Yotween.

Of considerable interest are the frequencies for whioh
there 1s neither amplification nor damping and the corre~
sponding valuee of R, This amounts to finding points
of sero slope on ourves like those shown in figure 23,

Suoh points were odtained from a numbder of runs at vatrious
wind epeeds with the ridvon at the 4-foodb position and
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again with the ribvbeon 9 inches from the leading edge.
and the correspeonding values of R

The sclid ocurve

Yaluee of B, v/U,3

wers ocomputed and plotted in figure 24.
is again Schlichting's neutral ourve and the broken curves

are those defined by the experimentally determined pocints.
The agreenment is very satisfactery, except for points above

ByV/Us" = 200 x 10-°,

By use of the measured wave lengths,
culated for the neutral frequencies and the results wvers
plotted on the wave-length diagram shown in figure 26.

The sclid curve 1s Schlichting's neutral curve and the i

broken curves are those defined by the experimental
Open ciroles denote points con branch II and closed

ab. vas cal-

points.
cirocles, points on branch I,

8t111 another type of representaticn involving doth R
and

frequenoy and wave length is the dlagram of 0,/U,
The points and the broken ocurvee show the
The |

in figure 26.
vave velocities found for the neutral oecillations.
s0lid curve is Schlichting's theoretical curve.

It is again pointed out that both dranches of the
theoretical curves in figuree 24 to 26 neet the R-axis at

R = @ and thus extend beyond the rezion indicated. Tran-

siticn prevented experimental determinaticns adbeve R = \

2800,
The wave-length diagran is repeated in figure 27 and

this time ehows, in addition to the thecretical neutral
ocurve, the ourves of equal amplificatien within the sone.

These contours were ccpied directly from a figure given
by Schlichting in reference 4. The broken curves are de-
fined by the neutral points, which are not shown in thils
figure. The points with the values opposite (all to de

nultiplied by 10™%) are the obkerved values of B8 /U,

cbtained from valuas of the slopes othar than zero. KNega-

tive values signify damping.

The distridbution aoross the amplification sone at
ie shown in figure 28. The theo-

partiocular valuee of R
retical curves, drawn solid, are plottod from values read
from Bchlichting's figure in roference 4. The brokon
curves arc drawn through the experinental points.

The conparison betwzen theory and experiment given in
figures 24 tc 28 showe, on the whole, better agreement than
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might be expeoted when it i¢ oonsidered that at the outeet
the very existence of such phencmena had not been proved.
The observed amplification shown in figures 27 and 28 is
less than the theoretical, dut it will bde recalled that
the theoretical calculation yielded accurate values only
near the neutral curve. In the neighborhood of the low
Reynolde numbder limit the experimental inaccuracles are
large bdecause of the small amglificntion and daamping.

The maximum valuee of Brv/Uo , ab*, and cr/U° and the

minimum value of R for which amplification can ocour ae
determined approximately by experiment are compared with
the theoretical limite in the following tadle:

Expsrinent Theory

{(apprex.) Bchlichting Tolimisn

450 576 420

400 x 10~° 178 % 10”°¢

0.4 0.278

adout 0.42

Tollmien's limiting values, on the whole, agres bet-
ter with experiment than Schlichting's values. 4 compar-
feon of the experimenjal results in figure 25 with Toll-
nien's dlagram of ab plotted against 1log,o R 4in ref-

erenoe 2 shows bdetter agreement in general than with the

corresponding dlagram given by Schlichting in figure 25.

In spite of this, Schlichting's results were used beoause
they were more complete than Tollmien's.




¥III. EFPRCT OF PRESSURE GRADIENT ON
BOUNDARY-LAYER OSCILLATIONS

Figure 29, odtained in connectien with the earlier
work presented in section VI-1, shows the effect of pros-
sure gradient on naturally excited oscillations. Tho
pressure Adistribution along a part of the plate is skown
to the left in this figure. The reduction of amplitude in
the regien of falling pressure is very marked. A4cceler-
ated growth-of amplitude is evident in the reglioa of ris-
ing pressure. It was accordingly inferred that negative
pressure gradients decreasod amplification {(or increased
dQamping) of. the oscillations while positive gradients in-
ereased amplification. 4 quantitative investigation of
this effect was therefors undertaken with oscillatione
forced on tho boundary layer by the vidrating ribbdon.

When the ribbon was in the 3-foot positien, the reg-
ular procedure of measuring amplifiocations and damping
and of mapping the neutral curves was carried out for
pressure distridbutions B, C, D, and Z shown in figure
30. The corresponding pressure gradients are given in-
tadle V,

In figure 30, qy 1is the dynamic pressurs at any dis-
tance x from the leading ed:ze while q, is a convenient

reference pressure. Curve A shows one of the distridutions.
for the condition generally termed "zero pressure gradi-
ent." This condition was obtained by giving suffiolent di-
vergence to the ad Juetadble side walls of the working oham-
ber to overcome the normal preesure drop, The shape of

the ourve in the first 6 inches was determined by the flow
around the leading edge of the plate and hence could de
changed but little by the setting of the walle, The wallg
aleso had little &ffect on the small looal variatioens,

since these were found te be produoced dy slight waviness
of - the surface, Curve A is thus a condition of zero gradi-
ent only when the length of the interval and the end points
are properly ohosen. With a preesure dietridution given

by curve A4, +the experimental valuos of velocity distri-
dbution and 3§ were in good agreement with the Blaeius
Yalues; hence, the approximation te zero gradicnt is prob-
ably suffioiently good.

Curve B, which shows the preesure rieing alsng theo
plate, was obtained by giving the walls their greatest
possidle divergenoce. Curve C, which shows tho pressure




falling, was obtained with the walle forming a ccnverging
passage. The stesp positive gradient shown by curve D
was prcduced dy a vertical airfoil placed 10 inches froa
the side of the plate running from the floor to the oceil-
ing of the tunnel, and the steep negative gradient of
curve 2 was produced dy dlocking the stream with a ply-
wocod panel 3/4 inch thiok and 28 inohes wide extending
from the floor to the ceiling placed parallel té and 10
inchee from the plate.

The results obtained on the effedt of préssire gradi-
ent are given in figures 31 to 34 fuor dietriduticns )
and C and will bde discussed in detiil later iha this sec-
tion. Oorresponding figures for dfstridutione D and ¥
could not be obtained hecauss of the large effeot of
thess gradients on the oscillations. With the large gra-
dients, the general impressiocn given by obdserving the
ceocillations was that amplifioation always occurred in
gradicnt D regardlecs of the frequonoy and Reynolds
aumder, while damping always occurred {n gradient B; how-
ever, this statement must bde somewhat qualified. Yor
example, in 3 fluctuations of -all frequencies vere
damped for values of R up to 2600, whioh was the high-
eet value odtainable with the ridbon &t the 3-foot posi-
tion. It 1s quite possidle that a zone of amplifiocaticn
lay beyond the range of the experiment. In the case of
‘gradient D the investigation had to be restricted to
lov Reynolds numbers beocause of the occurrence of transi-
tion. Ths fow observations made here indioated a possi-
ble low 1limit of Reynolds numbder below which damping oo-
ourred, dut ths results are in doudt dsocause of a possi-
ble scale effect on ths airfoil used te produce the pree-
sure gradient. The pressure riss may have besn lessened
by laminar separaticn on the airfoil at the low velgel-
ties and the positive gradient may have bscoms less than
that given by D. Acourate measursments of prsssure dis-
tribution at the low velocities was diffioult.

Before presenting the results for the two small gra-
diente B ana C, attentiop must be called to the effeot
of pressure gradient on 8 . Since 3§ enters into cers
tain dimensionless quantities used.-in plotting the re-
sulte, its aotual value must be known for eaoh case. The
value of 8 vas neasured only for distridution 3 and
the result was

L]
Obgerved g » 1,00 at x = 3,33 f£¢
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Tor dietridution e,

Xfradn-Fohlhaueen metho

distridution. The validity o

saking a similar calculation fgr 3 and obta
agreement with the measured &8 . The sstimated result
for C was:

Calculated 6.

1ot o s 0.93 at X = 3.33 ft¢
asius

[ ]
fhe values of & for the Blasius distrivution vero.lul-
tiplied YbY¥ the above factors to give the value of 8 per-
taining to gradients B and C.

F4izure 31 1is the much-used frequency diagran showing
the results for gero, positive, and negative gradicnv'

of dietributions A, B, and c, respeottvely. The solid
ourve ie the same as the broken curve of figure 24 for
gero gradient, ehown here without the experlmental pointe.
The points for negative zradient 1ie close to this ourve;
the points for positive gradient generally 141 outside the
sone of applification for Ths positive
gradient has therefore {

expected. Contrary to expectation, ' radlient
falled to reduce the size of the zono.

were made below R = 800.

Since wave jengths of the oscillations were measured,
the data for these eane frequencles are civen in & wave-
length diapgram (£1g. 32).and a wave ve y diagran (£ig.
33). It will Ye noted that figure 32 is enlike the usual
wave~-length diagran (for example. fig. 25) in that the or-
dinate is novw oV U, instead of ab. This chang® was
pade in order to eliminate B8 from one of the coordi-
nates and theredby tQ restrict errors ocourring {n the o8-
timated value of 8 with pressure gradient to the
npznoldo number ooordinate. The new ordinate is esimply
ol divided by the Reynolds aumber, that 1s,

at’ oy
———T-
Ued °

v

In both figures 32 and 33, the solid curves are the exper-
imentally deternined neutral curves for szero gradient with
the sxperimental points onitted. '
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Figures 32 and 33, like figure 31, show an effeot of
the positive gradient bdut little or no effect of the nega-
tive gradient. These figures show only the neutral points
and so merely define the boundaries of the amplification
sone, The effect of pressure gradient on the amplifica-
tion within the gzone is demunstreted in figure 34, This
figure, whick 1s similar to figure 28 except that zonee
are from the frequency diagram instead of the wave-length
diagram, shows the distridution of amplification coeffi-

olent {aotually E%E—) across thé zcnee of figure 31 at
°

certain fixed values of the Reynolds number. The positive
and negative pressure gradients signify as before .pree-
sure distridbutions B and C, respectively., JYor compari-
son, the experimental curves for zero gradient are given
as 30114 lines. The comparison is best made between pairs
of ourves paving Reynolds numbers most nearly alike.

Sinoe —%2— increases with Reynolds number (see fig. 27),
o
the Aifferenoe between R = 1840 for gero gradient and
R = 1810 for negative gradient may account for the re-
duoed amplifioation with negative gradient. The failure
to show conclusively an effeot of the small negative gra-
dient may be due in part to the emall local value of the
gradient shown in table V. The difference between R =
2200 for gero gradient and R = 2050 for positive gra-
dient is significant, since R = 2050 for zero gradient
would l1lie bdelow R = 2200,

IX, TRANSITION FROM OSCILLATIONS TO TURBULINCE,
ZERO PRESSURE GRADIENT

Tyo distinguiehing feature of transition with low
stream turdbulence is the occurrence of boundary-layer
osc¢illations that grow until the layer becomes turbulent.
Under such oonditions, transition to turbulent flow 1is
simply transition from a partioular type of oscillatery
motion to turbulent motion. The oscillations are now un-
derstocd and the final step in an understanding of the
origin of turbulence involves an investigation of this
transition prooess,

Although transition in highly disturbed flow does
not fall into this oategory, the two are similar in that
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Poth have to do with the sffsct ef a disturdancs large
snough te bring adeut turbulent flow. Ths effset, how-
ever, dspsnde on ths typs of ths disturdancs as wsll as
{ts magnitude; and, as has besn shewn, an applifisd dis-
turbancs does not have the random eharacter of an ini-
tially large disturbdance., Transition from an amplified
diesturdance promises to be of consideradle importanoce in
modsrn low-turbulence wind tunnels and in the atmosphere.

The vidrating ridben to preduoe eseillations and ths
het-wire apparatus to examine their development were suit-
abls tools for the investigatien of transition. The ribd-
ben was plaeed at the 3-foot positien and two hot wiras
at different distances from the surfaee wero arranged
for traversing parallel to the plate threugh the transi=
tion region. The Reynolds numder was always chosen so
that the undisturbed boundary layer (ridvon not vidrating)
was laminar at the hot wires. Heprssentative samples of
the results ebtained are shown in figures 35 te 37.

Tigure 35 shows what happens at a fixed point 2.6
fost downetreas frem the ridbbon as the vidrational ampli-
tude of the ribbon is varied. The pairs of traces show
sinmultaneeusly the respense of the two wires. Tho values
of gain eontrel setting en driving amplifier are roughly
proportional to ridbon amplitunde. The amplitude of the
waves on the traees cannet be quantitatively related to
fluetuatiens of veloeity becauss the sensitivity of ths
wirss wvas unknewn. The seneitivities of the two wirss
wars different, and so comparison of amplitudss at inner
and outer wires wae inmpessidble. It is known, however,
that velooity increases produos upward digplaeement of ths
traess and that velocity deereases produes downward dis-
placement. The directien of time in this figure is frenm
left to right.

This figure shows that the boundary layer at a given
peint oan bYe ehanged from laminar te turbulent dy vary-
ing ridbon amplitude and shows qualitatively the progres-
sive nature of ths ohange. ZIxamination of sucoessive
pairs of traoes indicates that fairly regular waves first
make their appearanee, being first in phase at ths two
wires and later in the fifth and sixth rseords, in and
out ef phaee in random fashion as the amplitude inoreases.
The dietances from the surface are such that an in-phase
oondition would be expeoted from the distridutien of fig-
ure 21. 4 grewing distortion of the waves then appears
until, in the ssventh recerd, durets of high-frequeney
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fluctuations eccour. The latter, 1dentified by the Jagged
appearance of the trace, are durste of turbulenoce. The
final record shows the chmpletely turdulent state. The
dotSted oharaoter of the traces, due to the eleotrenic
switoh, cobliterates details of rapid fluotuations. A sim-
ilar succession of ohanges is shown in figures 36 and 37,

In figure 36 simultaneous records are again shown,
this time from twnr wires on ths same mounting mcved down-
stream fro the riddben while the anplitude of the ribdden
remained fixed. PFigure 37 shcws the same oondition dut
for the two traoes photegraphed separately in crdsr to
eliminate the dctting effect of the electronic switch,.

The Aifference in the appearance of the records in these
two figures is due mare tc the diffsrent magnifioation
than tc the character of the traces. Sinoe the frequenoy
of 70 cycles per seccend is amplified by the boundary layer,
the amplitude increases dcwnstream and inoreasing dietance
is in .one respect like increasing ribddbon amplitude in fig-
ure 35, The twc cases are not equivalent, hewever, be-
cause the Youndary-layer thiokness inoreases from reoord
to reocrd in figures 36 and 37.

Yrom calidbratiocn data, obtained in ccnnection with
figures 356 snd 37, it was possidle tc relats two partio-
ular displacements on the reoord to a percentage change
in the mean velocoity at the positisn of the wire. Thees
two peroentages are indicated at the right of eaoh traoce,

+  an upvard displaocement indiocating an increase and a 4down-
vard displaocement a deorease from the mean looal velooity
at the hot wire. The peroentages are the same for all
rooords in figure 36.

Yor fluotuations as large as most cf those shown, it
is not possidle tc indioate the sero- or mean-velcolity
position af the trace. This is bcoause of the nenlinear
oharaoteristios of the hot wire which produoos greater
displacements of the traoe for velooity deoreases than for
inoreases. A cortain amount of distortion and some error
in the records will result from this effeot. It 1is oer-

. %adn, howevcr, that orests are above tho mcan velooity
whilo troughs are bdeldow thd mean and the distanoce bdetween
the twc 1is approximately the doudble amplitude. The soale
gt tho right furnishes a measure of the dcubdlo amplitude,

In tho suocoession cf changes ooourring fram pcint to
poins through the trangition region, the osc¢illations
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first inoreaee in amplitude and, onoe large, undergo in-
oreasing amounts of distortion. Turdulenoe .apnoars at
first in short intervals of the trace and finally fer the
full length of the traco. Randomness dccurs gradually,
and this suggests a continuous transition from wave to
turdulent motion. It 1s not di{fficult to iaazine a proc-
oss here lixe that often assumed for the formation of
eddies from a free vortex sheet. The sheet 1s imagined

to take first a wavelike oharacter, thea as the wave grows
to curl up into disorete eddies. The disturbed lamiuar
beundary layer may be rezarded as a wevy vortex layer with
the wave progressively inoreasing in amplitude and dis-
torting until disorete eddies are fermed. The eddiss
themselves are unstadle and soon break up into a diffusive
type eof metion which characterizes turbulent flow. If

the validity ef this plcoture is granted, transitien 1is
understeed when the wave motien is understoed. 4n under-
standing of transition is therefere close but only clese
_beoause the wave motion is understeod only when the anm-
plitude is small. TYurthermore, the important question
conoerning vhere along the surface eddies first form 1is
still unanswered.

Another prooess may also be imagined., It will de
noted in figures 35 to 37 that transition takes place in
a more orderly manner at the zsreater distance frem the
surface. Here turbulenos appears in oertain parts of the
wave cyole, generally in the sharp-pointed low-velocity
part of the cyole. This behavior lends suppert te the
viev held by some investigators that transitien occurs
when tha flow oemes to rest or reverses direotion near
the surface (goeparation point). While the anmplitudes
shown do not reaoh the necessary 100 peroent, it seons
possidle that this value weuld be feund at seme point near-
or the surface. Against this argument is the faot that
4he reoords made noarer the surface de not shew the turdu.
lent dursts oonfined to the lew-velooity side of the oy-
ole. The argument is further weakened by the pessibility
of aooounting for the vbserved offects .at the greater y-
values by the difference dotween the digtribution of mean-
veleoity characteristic of a laminar layer and that char-
aoteristio of a turbulent layer. This is to say, that
tho observed effect 13 cuusod by the turbulence rather
than a oause of the turhulence.

The 1dea of traneition by soparation hasg been formu-
lated by Tayler (refercuce 1) by ussuming intermittont
soparation or near separatiun to Ys oaused by the loocal
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Preeeure gradients accompanying disturbdances, The assump-
tion is that ssparation is imminent when ths Kfrmén-
Pohlhausen parametsr J, derived from pressurs gradients
either stsady or fluctuating, reachss a certain negativs
valus. A steady advsrse pressure gradisant largs snough
to oause laminar separation is known to bring about tran-
sition rathsr than cemplste separation whsan the Reynolds
nukder is sufficiently high. By analogy, intermittent
separation is supposed to havs the same effect. Yor iso-
tropio turbulence in ths surrounding flow the fluotuating
pressure gradient is known in terms of measuradle quanti-
ties, namely, u' and the scale. Taylor's relation is

% (f)lh = F(Ry)

vhere L 1is the soale and TF(R;) exprssses a function of
the x-Reynolds number of transition.

In ossence Taylor's relation rests on the ooncept of
velooity fluctuatione impressed on tho boundary layer from
pressures outside. When velocity fluotuations belong to
the natural wave in the boundary laysr, Taylor's relation
oan have little bearing on the problem, Thsre is thsre-
fore no theory connecting osoillations to transition. The
idea of transition by separation lsads to the conoept that
transition results when the u-componsnt ¢f the wavs gets
suffioliently large to rsverse the flow near ths surfaoce.

A lack of knowledge regarding large-anmplitude waves re-
sults in a laok of information conoerning ths point wvhsre
transition will ooour.

It has not bsen proved that separation is a neosssary
oondition for transition. Tigure 11, vhere a slight re-
versal near the surface ie indioated dy a frsquenoy dou-
bling in ths lowsr part of the cyole in the traoce at 4
feet, gcives evidenoe that reversal alone is not a suffi-
cient oondition. Perhaps the former pioture, bassd on
the analogy to the vortex sheet is ths mors aoourate One.

Sinoe the Taylor relation is not applicabdle vhen
transition results frem amplified waves, ths averags soale
of the initial disturdance is important only insofar ae it
is related to the speotrum of the disturbance. The frs-
quenoy distridution 0f the initial disturbance is of great
importanos, since amplifioation finally seleots only a
vsry narrov bdand of fregquencies from all thoss initially
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present to dring adout transiticn. The presence ol adsencs
of frequencies near this amplified band is odviously more
important than the total energy of the disturbdance.

Only en the basis nf certain prominsat frequency bands
in the stream turbulence can figure 7 be explained. The
reasoning is as follows: If no disturdbances wers present,
theoretiocally transitien should not occur. The pairs »f
ourves in figure 7 should then approach Ry = o for asro
turdulence. On the basis of amplification cf initial dils-~
turbances in wvhich all frequencles are present, equaticna
(33) suggests that the curves defining the transiticn re-
g€ion should fall rapidly at first and then at a progres-
sively dinminishing rate as the turdulencs is further in-
oreased. 4ctually, the opposite trend is shown 1in figure
7. Tigure 8 shows that not all frequencies are represented
alike and, furthermore, that noise is responsidle fcr many
of the peaks shown. 4s the present turdulence was de-
oreased by the addition of damping screens, the ratio of
noise to true turdbulenoce was increassd. While the total
energy of the disturdance was decreased, the energy in
certaln frequency bands may actually have been increased.

4 reduction of noise might have greatly alterocd figure 7.

X. CONCLUSIOR

Laninar-boundary-layer oscillations are the velooity
fluctuations thet result from a wave traveling downetrean
through the bdoundary layer. The characteristics of this
wave have been measured and go00od agreement with theory has
been odbtained. The wave may be set up either dy a vidbrat-
ing objeot in the boundary layor, suoch as a vidrating ridv-
bon, or by disturdbances from the outside, such as strean
turbulence and sound. When the disturdance {s random or
nearly random and oontains many froquencies, amplification
and damping isolate a wave containing a narrow band of
frequencies in the nelghborhood of the frequonoy most high-
ly amplified. :

4 wave in the boundary layer constitutes a disturdance
that will cause transition on a flat plate with zero pres-
sure gradient wvhen thd amplitude 1s sufficlently large. A
sufficiently large randem dlsturdanoce will alsc causo tran-
sition. Vhen random initial disturdances are so0 small that.
transition is delayed until values of R 5§ 2000 have been
reached, sufficient amplifioation ocan occur from the ex-




perimentally estadlisghed lover limit R = 450, ¢to

R 5 2000 to give rise to a recognisable ocsoillation.
Larger initial disturbanoes obscure the osoillations dy
irregular fluctuations of comparadle magnitude.

Fatural disturbances may be sound waves as well as
turbulence. Turdulence generally has a more nearly ran-
dom distridution of energy with frequency than sound. In
view of the importance of frequenoy, sound disturdances
with a conoceatration of energy in frequency dands that are
highly amplified by the boundary layer may be more oon-
Queive to early transition than turdulence. This is in-
portant in free flight where turbulence is probadly negli-
g€ible bdut where engine and propeller nolse is present in
large amounts.

The effeot of pressure gradient on the oscillations
is a praotioadly important phase of the prodlem about whioh
more should be known., Little more has been done here than
to show the direction of the effect and to give some idea
of 4ts magnitude. The results are in aocord with theory,
vhioh also 1s incomplete in this respect.

‘Other aspects of the prodlem remain to de investi-
gated. One of thege having practiocal importance is ths
effeot of curvature., The importance of boundary-layer os-
oillations on airfoils cannot be determined until effects
of ourvature as well as pressure gradient are known,

Other quantities asscoiated with the wave but not investi-
gated are v and uv., A gtudy of these quantities would
be interesting as a further cheok on the theory, although
hardly neocessary to 1dentify the osoillations and their
oharaoteristios in view of the information derived from
studies of u.

It 1s possidle that doundary-layer osoillations may
arise from internal disturdances as well as from external
disturdances - that 1is, from surface irregularities and
vidration of the surface. A randomly distriduted small
roughness may produce effoots similar to small amounts of
turdulenoce in the alr stream. 5mall ridges or waves in .
the surfaoce may start osoillations when the spacing is near
some amplified wave length, Vidration of the surface, like
sound, may voroduoe osoillations, esreoially when the fre~
qubncy 1s noar some’ amplified osoillation frequency. 4n
iavestigation of these and other phases of the prodbleam
will thoow additional light on the important prodlem of
transition.

National Bureau of Standards,
Washington, D. C.
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TAMLE I

TURBULENOX VITE 81X DANPING SCRERNS !N SETTLING CEAMBIR
loncurenontu at single station in working ohnlbor]

ut! vt w! J1/3(u'3 & y13 4 wid)

Uy Ug U, U,
(peroent) (percent) |(percent) (peroent)

0,019 0.011 0.012 0.0148
.02 +020 .019 . 0200
«024 . 023 .020 .0234¢
. 027 .026 .021 .0240
. 030 . 030 «026 . 0287

+033 « 035 . 032 + 0334

. 038 . 039 . 037 . 0371
«037 .042 .041 . 0401
«040 044 «045 « 0430
+ 048 + 046 . 047 + 0459
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[(Measurements at eingle etation in working chasder]

TABLE Il
TURBULENOR VITR SIX DANPING SOREENS POLLOVED
3Y ONE BOLTING CLOTH IN GBTTLING OHAMBER

Uo

ut

v

o
(perocent)

v!

uo
(peroent)

U

(percent)

ﬁ/s(“ll Y 'I' + '|')

UO
(peroent)

0.018
.019
.031
.036
«039
. 033
« 037
«040
044

0.012
.012
«014
.018
. 030
.033
. 026
029
+ 034

0,009
.010
38 )
016
017
.0l18
.030
033
038

0.0138
.0143
.0189
,030%
.0338
.0381
.038%
.0318
.0383




TADLE 11X
THEORBTIOAL Wavy Plhlll!lns YOR NBUTRAL OSCILLATIONS
AOCORDING TO SOHLIOHTING (Ryranzyos 4¢)

Branch I Branch I

Bpv B.v
Uy?

af®* | —=— x 10° ab®
U3

2.14 0.149

8.39 .188

35,3 «323
40.4 « 2338
62,3 « 361
92.2 . 364
129,58 2374
166.7 373




TABLE 1V
TABORBTIOAL FEUTRAL OSOILLATIONG TAKESE

FROM SCHLIOHING (RNFBRENCE 6)
[Zor average u'/U, = 0,06 from y/8 = 0 to y/8 = 1]
O

100 i: <

894; ad”,
(1]

.0646
.188
.287
434
.608
.796
.9738
1,333
1.608
1.830
1,984
2.098
2.170
2,193
3.180
3.108
3.037
1.938
1.849
1,763
1.681
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TABLE IV - (Continued)
THBORBTIOAL NEUTRAL 0SOILLATIONS TALRN
FRON SOHLICHING (RXFXRBNCS &)

"
100 6-; 4

23070; as*
0

. 06565
937 .214
1.038 . 369
1.208 598
1.127 | 1.028
1.086 | 1.445
.998 | 1.758
906 | 2.04
686 | 2.50
.504 | 2.87
340 | 3.10
206 | 3.26
087 | a.38
022 | 3.37
123 | 3.33
.36 | 3,223
306 | 3.11
.292 | 32.928

«372 2.72
«3023 2,63
« 334 3,35
«318 2,18
8* = 0,341
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" TADLB V¥

'FRESSURS GRADIENTS G: 4

Average gradient :
Distridution from 1 to 6 £t Loaoal gradient

(peroent) (percent)

-0,11 -0,78 from 4 to 6 f¢
1.63 2.48 from 3 to 3,67 ft
-2,38 ~1,36 from 3 to 3,67 ft
——m—- 13,0 from 3 to 3,67 ft
-9.,8 from 3 to 3,67 £t

qa dynasio pressure outside boundary layer at 3.33 feet
from leading sdge of plate

b 4 pressure near surface at distance x from leading
edge

Note that pressure gradient and dynamic pressure gradient
have oppoeits signs. (See fig. 30,)
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Figurs 1.~ Rlevation view of 4 1/3-foot

wind tuansl,

Figurs 8.- Pitot-statio surfao

¢ tubs used to RSasure pressurs distribution and pogi-
tion of transition.







Figure S.- Rubber-suspension type

Figure 6,

= 8led-like bhot-wire head arranged for two hot

wires,

Figs. 5,6

mountinge with bot-wire heads attached,




"

Fige. 7,8
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Figure 7.- Effeot of turbulence on x-%eynolds number of tranaition, Flat pllﬁ.
' zero preeeure gradient,
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Figure 8.- Distribution with frequency of u-component of turbulence and eound.
¥ind epeed = B0 f% ver sec,u'/U; (total) = 0,033%, .
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Figure 9.- OBcillogra.ms of u-fluctuations showing laminar
boundary-layer oscillations in boundary layer

of flat plate. Distance from eurface = 0.033 inch.

Uy = 80 ft per eec. Time interval between dots = 1/30 sec.




S R A b Dt b AR s kiR e R i

EDGE IN FEET
o
)

IALVI3Y

o

K
>
®
z
i
©
»
=
o
=

DISTANCE FROM LEADING

}MW} . ".':,,l.wfh"w"\/\/\ndiw v

100w’ -';M,ﬂ,wfwrﬂw‘ﬂv*ywﬁfkw AWM‘MJ WA

Figure 10.- Oscillograms of u~-fluctuations showing laminar
boundary layer oscillations in boundary layer

of flat plate. Distance from surface = 0.023 inch.

Uy = 53 ft per seo. Time interval between dots = 1/30 seo.
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effect of stream
ns. Distance from
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ROPE GRID IN TUNNEL
TURBULENCE » 33 %

-

.

=
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4334 NI 3903 9NIGVIT WONd 3IINVLSIA

y-layer oscill

‘surface = 0.008 inch. Time interval between dots = 1/30 sec.
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TURBULENCE = 042 %

TURBULENCE « 022 %

Figure 13.- Oscillograms of u-fluctuations showi




Hsl. 13,14

e

400 9S00 200 SO0 2000 B400 2900 3200 3400

Figure 13,- Zone of amnlification enclored by neutral curve according to
Schlichting. Theoretical total amplification from branch I to

branch 1! as indicated. Cxverimental voints from frequency of oscillations
found on oscillograme, 3ranches I and II of neutral curve meet R-axis at R=wm.

(1 block= 10/207)
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Figure 14,- Relative sound intensity from loudspeaker in oeiling of working
ohamber at leading edge of plate, measured along center 3 inches

from plate. U, = 0. Frequency = 48 coe,
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i FREQUENCY « 60 &
o MBOON MICROPHONE U, O

o CRYSTAL MICROPHONE Ui- 21 FT./8EC
+ HOT-WIRE ANEMOMETER U, 2i FT/SEG

408 i
o 2 3 4 [} [ 7 [ ] ] 10
OISTANCE FROM LEADING EDGE OF PLATE IN FEET
Figure 15,- Relative mound intensity from loudspeaker in ceiling of working

chamber at leading edge of plate, memsured along center * inches
from plate. Freguency = 60 ope,
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Figure 16.- Boundary layer oscillations excited by loudspeaker. Pointa show
sound frequenoy giving maximum amplification. Curve outlines
theoretical amplification zone. (See Figure 13).
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Pigs. 17,18

N\

(1 block = 10/20%)
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Figure 17.- Regeneration frequenciee resulting from feedback from hot wire

in boundary layer to loudspeaker. Curve outlines theoretical
!mg%}fleltlon zone, (See Figure 13).
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Figure 18.- Osoillstione excited by sound through hole in plate. Pointe ehow

regeneration frequencies reeulting from feedbaok from hot wire in

boundary layer to head phone. Hot wire moved fore and aft along line 3/16 inoh
below hole. U, = 23 ft per sec.
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Figs. 19,20

p—

DV, .

(1block = 10/20+)

o

Figure 19,- Middle frequencier of regeneration, wire far fron hole, taken
" from curves of type shown in Figure 15, turve outlines theoretical
amplification Zone. Lines from voints show length of amolification vath,
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Figure 20,- Yave-length diagram showing zone .of amplificetion 8ceording to
Sohlichting. Points ehow values of 6% for frequencies of Ficure 19,
Linea from points show path of amplification,
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DISTANCE OF UPPER TRACES FROM SURFACE

Figure 232.- Osoillograms showing phase reversal in u-component

of oscillations exoited by vibrating ribbon. Simul-
taneous reoords from two hot wires looated one foot downstream
from ribbon. Lower trace - hot wire 0.055 inch from surface.
Upper trace - hot wire at various distanoes from surface.
Ribbon 3 feet from leading edge. Frequenoy = 70 cps. U = 43 f¢
per seo.
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Figure 25.- Wave-length of neutral oscillations excited in boundary layer by

vibrating ribbon. Solid curve is neutral curve according to

Schlichting, Broken curves are neutral curves defined by experimental points,
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Fige. 26,27

i
Figure 27.- Tontours of equal amplification according to ;chlichtinr. Values
of 316'/1'0(&11 valuer to be multiplied by 1U~%) opporite oointe
are amplificationn determined by experiment. Faired experimentel contour of
zero amvlification shown by broken curves,
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Figure 26.- “ave velocity of neutral oscillationsexcited in
boundary layer by vibrating ribbon. Solid curve
[—is neutral curve according to Schlichting. Broken curves are -
neutral curves defined by exverimental points. 7Tlos=ed
eircles- branch T. Open circles- branch 1T,
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Figs. 33, Ko

(1 block= 10/20").

o
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Figure 33.- "ave velocity diagram of neutral oscillations. Fxperimental curve
for zero pressure gradient shown without voints, “onitive gradient
from distribution B8 and negative cradient from distribution ° of Table V.
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Figure 34.- Distribution of amplification across zones of Figure 31, showiu
effect of pressure cradient. Positive gradient from prsasure .
dietribution B and negative gradient from distribution C of Table V,
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Figure 35.- Oscillograms of u-fluctuations showing development

of turbulence from oscillations produced by vibrating
ribvon at position 8.5 feet downstream from riboon. Ribbon 3 feet
from leading edge of plate. Simultaneous recoris at 0.014 inch
{rom surface, upper trace; and 0.114 inch from surface, lower
trace. Frequency 70 cps. Uy = 50 £t per sec.
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Figure 36.- Oscillograms of u-fluctuations showing development
of turbulence from oscillations produced by

vibrating ribobon placed 3 feet from leading edge of plate.

Simultansous records at 0.011 inch froz surfaoe, upper trace;’

and 0.112 inch from surface, lower trace. Frequency 70 cps.

Ug = 50 ft per sec. .
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